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This thesis aims to assess the population-level risk posed by Batrachochytrium 
dendrobatidis (Bd), a pathogen responsible for worldwide declines and extinctions, to 
the amphibians of a series of infected Pyrenean Lakes. The principle focus was on the 
common midwife toad (Alytes obstetricans), which, in parts of its range has suffered 
population declines and even local extinction as a result of exposure to Bd. 
 
Infection severity thresholds may play an important role in the risk of decline a 
population faces, but such thresholds are only useful if individual-level infection 
estimates are accurate.  I found that widely-used data obtained via epidermal swabs are 
not accurate indications of the full infection burden of an individual, as assessed by a 
novel full-skin digest procedure I developed (Chapter Three). Swab-based infection 
thresholds should therefore be applied with caution. However, infection intensity in 
dead and moribund individuals was significantly higher than that of visually healthy 
individuals, suggesting that infection severity is an important predictor of mortality.  
 
Population monitoring is necessary for understanding whether long-term infection 
translates into changes to host population size. I used capture-mark-recapture (CMR) 
techniques on larval A. obstetricans and found evidence of possible disease-induced 
declines in two populations, but an increase in abundance in another, suggesting that 




To assess disease-induced mortality across populations, I compared mortality rates 
monitored in laboratory-held individuals, to those estimated in the field (Chapter Five). 
This highlighted inter-site differences within my study populations and provided 
evidence of host persistence with low-level Bd infection.  The presence of hosts in the 
field with low-level infection may indicate host population persistence is possible.  
 
To broaden my thesis from a single host to the amphibian community, I analysed 
temporal data on infection in three species within a single focal lake (Chapter Six). I 
show that environmental effects may affect the prevalence of infection in two sympatric 
species, suggesting infection is likely influenced by biotic and abiotic variables and may 
change over time.  
 
Overall, these data lend valuable insights into not only the individual level responses to 
infection, but that of the population and even begin to elucidate community level effects. 





Re sume  
 
Batrachochytrium dendrobatidis (Bd) est un pathogène responsable de déclins et 
d’extinctions de populations d’amphibiens à travers le monde. Le but de cette thèse a 
été d’évaluer le risque posé par Bd au niveau populationnel pour les amphibiens d’une 
série de lacs infectés situés dans les Pyrénées. L’accent principal a été mis sur le 
crapaud accoucheur (Alytes obstetricans), une espèce qui a souffert de déclins de 
populations et même d’extinctions locales suite à son exposition à Bd. 
 
Les seuils de gravité de l’infection pourraient jouer un rôle important dans la 
détermination du risque de déclin d’une population, mais connaître ces seuils n’est utile 
que si les estimateurs d’infection sont justes à l’échelle de l’individu. J’ai trouvé que les 
données récoltées à l’aide de swabs épidermiques, qui sont largement utilisées, ne 
fournissent pas des indications fiables du fardeau infectieux d’un individu, 
contrairement à celles obtenues grâce à une nouvelle procédure que j’ai développée 
(Chapitre Trois). Cette nouvelle procédure consiste en la digestion complète de la peau 
des individus. En conséquence, les seuils d’infections déterminés à partir de swabs ne 
devraient être considérés qu’avec prudence. Toutefois, l’intensité d’infection des 
individus morts ou moribonds était significativement plus haute que celle des individus 
visuellement en bonne santé, ce qui suggère que la sévérité de l’infection est un bon 
indicateur de la mortalité. 
 
Le suivi des populations hôtes est nécessaire pour déterminer si une infection présente 
sur le long terme se traduit par des changements dans la taille de la population. J’ai 
utilisé des techniques de capture-marquage-recapture (CMR) sur des larves d’A. 
obstetricans et j’ai trouvé, dans deux populations, des signes de déclins potentiellement 
induits par le pathogène, tandis qu’une troisième population montrait des signes 
d’augmentation de sa population. L’ensemble de ces résultats suggère que le pathogène 





Pour évaluer la mortalité induite par la maladie à travers les populations, j’ai comparé 
les taux de mortalité relevés chez des individus maintenus en captivité dans le 
laboratoire à ceux que j’ai estimé sur le terrain en milieu naturel (Chapitre Cinq). Ceci a 
révélé des différences entre les sites au sein des populations que j’ai suivies, ainsi que 
des éléments probants de persistance des hôtes présentant un faible niveau d’infection. 
Sur le terrain, la présence d’hôtes faiblement infectés semble indiquer que la 
persistance de populations hôtes est possible.  
 
Pour élargir le champ d’étude de ma thèse de l’hôte unique à la communauté des 
amphibiens, j’ai analysé des données temporelles d’infection collectées au sein d’un lac 
focal sur trois espèces d’amphibiens (Chapitre Six). J’ai montré que les effets 
environnementaux pourraient affecter la prévalence d’infection chez deux espèces 
sympatriques, ce qui suggère que l’infection est probablement influencée par des 
variables biotiques et abiotiques et pourrait varier au cours du temps. 
 
D’une façon générale, l’ensemble de ces données fournissent des enseignements 
précieux quant aux réponses à l’infection, non seulement au niveau individuel, mais 
aussi au niveau populationnel. Elles permettent également de commencer à élucider 
l’impact du pathogène à l’échelle de la communauté. Ces résultats seront utiles pour 
développer des stratégies de conservation pour les populations d’Alytes qui ont été 
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Chapter 1: General Introduction 
 
Emerging infectious diseases 
There has been an unprecedented increase in the incidence of emerging infectious 
diseases (EIDs hereafter), which pose serious problems to both human and wildlife 
populations throughout the world (Daszak et al. 2000). In the past, the consequences of 
wildlife diseases have only been considered important if human health or agriculture 
have been negatively impacted. More recently, the threat of wildlife diseases has been 
taken far more seriously due to disease outbreaks in known endangered species, 
coupled to the detrimental effects of EIDs on global biodiversity (Daszak et al. 2000). An 
EID can be classed as either a disease that has recently been discovered, is newly evolved 
or has recently increased in either incidence, geography, or host range (Pascolini et al. 
2003). Despite this increase of EID’s throughout the world, it has recently been 
suggested that disease is highly under-appreciated as a contributing threat to wildlife 
extinction (Pedersen et al. 2007).    
 
There is now empirical evidence that EIDs have negatively impacted wildlife 
populations and have greatly increased the risk of extinction in a number of taxa, both 
alone and in combination with other threat mechanisms. For example, transmissible 
facial tumour disease in Tasmanian devils (Sarcophilus harrisii) (Lachish et al. 2009); 
canine distemper virus in African wild dogs (lycaon pictus) (Alexander and Appel 1994) 
and avian malaria in native Hawaian birds (Woodworth et al. 2005) have all been linked 
to severe population declines, local extirpation and potentially species extinctions. An 
increasing proportion of the parasites that cause EIDs are fungi, and this group of 
eukaryotes are responsible for some of the most severe epizootics observed to date 
(Fisher et al. 2012). For example, white-nosed syndrome, caused by the fungus 
Geomyces destructans, is responsible for causing dramatic declines of many populations 
of bats across the USA (Wibbelt et al. 2010) and chytridiomycosis in amphibians, caused 
by the fungus Batrachochytrium dendrobatidis (Bd), is possibly having the greatest 
impact of any wildlife EID on its host, in terms of species declines and extinctions 




Investigating the population level effects of disease 
With this apparent link between emerging infectious diseases and population declines, 
it is imperative to investigate the impact of diseases at a population level in order to 
determine exactly when, and indeed if, an infectious disease is a potential threat to the 
conservation of a species (Oli et al. 2006). A number of long term studies exist which 
examine the presence of a given disease on the regulation and survival of host 
populations (Briggs et al. 2005, Almberg et al. 2009, 2010, Lachish et al. 2009). Since 
conservation on a whole has very limited resources, such in situ, quantitative studies are 
important in order to determine where the need for conservation is greatest and how 
best to direct our efforts.  
 
Establishing a link between pathogen invasion and host persistence is rarely straight 
forward, and investigating disease is far more problematic in free ranging wildlife than 
in humans or domestic animals (Wobeser 1994). In many cases the absence of disease-
induced mortality does not necessarily indicate the absence of population level effects, 
and vice versa. The effects of disease on an individual-level can greatly differ from that 
seen at a population-level (Meagher 1999, Jolles et al. 2006, Buenestado et al. 2009), 
depending on which individuals a given disease has the greatest impact on. If mortality 
is considered to be additive, prey/host density can be altered, which may result in 
population cycling or a reduced population density (Anderson and May 1979, Hudson et 
al. 1998, Ibelings et al. 2004). However, if predator or pathogen-induced mortality is 
compensatory (i.e. replaced by the breeding cohort) then one would expect no change in 
the prey/host density, as the only mortalities seen are in those which would have died 
for other reasons, in the absence of predator or pathogen (Errington 1946, Burnham 
and Anderson 1984, Jolles et al. 2006). A further complication is that many wild animals 
lead a very cryptic lifestyle, making it difficult to identify and track disease progress in a 
natural situation. In free ranging wildlife, sick animals can become less visible to the 
investigator due to secretive behaviour or increased susceptibility to predators/ 







Disease induced extinction 
Extinction is the most serious possible consequence of any given threat-process upon a 
given species. However, despite the fact disease is a potential threat to population 
viability and may have major implications with regards to species extinction (McCallum 
and Dobson 1995, Daszak et al. 2000), it is generally thought that in isolation, infectious 
diseases are far less likely to lead to extinction than other drivers (Smith et al. 2006) 
(But see, Cunningham and Daszak 1998). Specifically, deterministic models predict that 
disease should fade out as host density falls below a threshold needed to maintain a 
positive force of infection, providing the pathogen is directly transmitted and 
transmission is density dependent (Anderson and May 1981, Swinton et al. 2001, 
McCallum et al. 2001).  
 
There are, however, some ways in which the likelihood of extinction can be increased; 
De Castro and Bolker discuss three theoretical mechanisms which could lead to disease 
induced extinction (De Castro and Bolker 2005). These are, 1) stochasticity and small 
population sizes. Here, host abundance is reduced to such low levels that they are 
predisposed to extinction by genetic, demographic or environmental stochastic events; 
2) Frequency-dependent transmission, where the spread of disease is not dependant on 
host density, but instead dependant on the frequency of infected individuals within a 
population. I.e. the probability of an individual becoming infected is a function of the 
overall proportion of infected individuals, as is seen in sexually transmitted diseases 
and some vector borne diseases (Antonovics et al. 1995); 3) Reservoirs of infection; the 
availability of susceptible multiple-hosts is predicted to reduce the likelihood of 
pathogen ‘fade out’ within a given population (Begon 2008) and if a competent 
reservoir of infection is present, which is resistant to disease, this can dramatically 
increase the risk of extinction (Daszak et al. 2004, Rushton et al. 2006). In addition to 
this third mechanism, it has been suggested that the presence of complex life histories 
may allow for the presence of intraspecific reservoirs and therefore the persistence of a 
disease between different life history stages (Brunner et al. 2004). Batrachochytrium 
dendrobatidis (Bd) is a perfect example of a pathogen which is able to exploit such 





The amphibian disease Batrachochytrium dendrobatidis  
According to the International Union for Conservation of Nature (IUCN), amphibians are 
the most threatened vertebrate taxon, with around one third of all known species 
threatened by extinction (Gascon et al. 2007). Although habitat destruction is among the 
worst threats to amphibians (Gascon et al. 2007), the presence Bd is decimating 
amphibian populations throughout the world. Bd causes the disease chytridiomycosis 
and is a host generalist pathogen which has been detected in 695 species of amphibians 
in 71 countries (www.bd-maps.net). Chytridiomycosis has been described as “the worst 
infectious disease ever recorded among vertebrates” (ACAP 2005), and over recent 
years has been implicated in the decline and extinction of up to 200 species of 
amphibians worldwide (Skerratt et al. 2007). Clearly, at worst this pathogen can cause 
declines and extinction of species. However, as yet, very little empirical research has 
been conducted upon how infection with Bd and the occurrence of chytridiomycosis 
may impact upon the vital rates and therefore the population dynamics of a host 
population.    
 
Concerns regarding amphibian decline emerged in the early 1990’s, with reports from 
Australia and Central America suggesting that a high number of amphibian species were 
experiencing dramatic population declines, or even extinctions. Worryingly, such 
population declines were predominantly observed amongst endemic species confined 
to the seemingly pristine habitat of mountain rainforests, especially in Eastern Australia 
(Richards et al. 1993, Trenerry et al. 1994). It was hypothesised that an epidemic 
disease was the most likely cause of these declines and extinctions (Laurance et al. 
1996), however, it was not until 1998 that a possible causal agent was identified 
(Berger et al. 1998). Samples of dead and moribund adult frogs were analysed and 
although most routine examinations of tissue samples could not identify any significant 
pathogens, smears and histological examinations of epidermal tissue consistently 
demonstrated large numbers of mature and developing sporangia belonging to a new 
genus of chytrid fungus. Subsequently, cutaneous chytridiomycosis was described and 
hypothesised to be a primary cause of the documented declines(Berger et al. 1998). 
Furthermore, in 1999, a chytridiomycete fungus was isolated from a deceased captive 
blue poison dart frog. The developmental stages of the life stage were examined and 
Koch’s postulates fulfilled in terms of a fatal amphibian pathogen which consequently 
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led to the description of a new genus and species, Batrachochytrium dendrobatidis (Bd), 
the causal agent of the disease cutaneous chytridiomycosis (Longcore et al. 1999). 
These findings were the first report of parasitism in a vertebrate by a member of this 
phylum (Berger et al. 1998).   
 
Bd biology 
Bd is an obligate aquatic non-hyphal chytridiomycete fungus (Longcore et al. 1999). The 
lifecycle of Bd is in two stages (Figure1.1) involving a simple progression from a 
zoospore to a thallus, a growing organism which produces a single sessile 
zoosporangium. Following a period of motility (usually <24 hours), the zoospores attach 
to a host and encyst, their flagella are resorbed and germlings are formed. Rhizoids 
begin to appear from one or more areas and over 4-5 days the thalli grow and become 
mature sporangia. The contents of the zoosporangium cleave and motile uni-flagellated 
infectious zoospores are released, which then exit the sporangium through one or more 
papilla; these zoospores either attach back onto the current host, or are released into 
the environment to find a new host (Berger et al. 2005a). Motility of zoospores often 
lasts less than 24 hours (Piotrowski et al. 2004). Although the optimal temperature for 
growth of Bd was found to be 23°C (Longcore et al. 1999), the fungus is also able to 
grow well at lower temperatures (Rachowicz and Briggs 2007). However, maintaining 
Bd at temperatures below 10°C, or ≥28°C resulted in slow or no growth, and frogs 
exposed to Bd at ~27°C showed increased survival compared to those at lower 
temperatures (Berger and Speare 2004) with complete clearance at temperatures 
above 30°C (Chatfield and Richards-Zawacki 2011). Although growth may be slowed, it 
has recently been suggested that Bd may be far more infective than previously thought 
at low temperatures, with temperatures below 4°C being an important factor for 
transmission in some systems (Rachowicz and Briggs 2007a; Bielby et al, unpublished 






Figure 1.1: The life cycle of Bd, taken from Rosenblum et al. 2010.   
 
Modes of infection/Infection mechanisms 
Bd invades the keratinized tissue of amphibians e.g. the mouthparts of tadpoles and 
the skin (stratum corneum and the stratum granulosum within the superficial 
epidermis) of post metamorphic frogs, where it can cause widespread infection of the 
skin, resulting in hyperkeratosis, sloughing and possible ulcerations (Berger et al. 
1998, 2005b, Longcore et al. 1999). Infection appears to be unevenly distributed in 
frogs, with the common sites being the stratum corneum of the digits and on the 
ventral surface, particularly on the thighs and inguinal region (Marantelli et al. 2004, 
Berger et al. 2005b). Nutritional requirements of the Bd fungus are still unclear but it 
would appear they gain their nutrients from the keratin within amphibian 
skin/mouthparts (Berger et al. 2005a). There has been much speculation regarding 
the causes of mortality in amphibians infected with Bd, with clear evidence now 
suggesting that epithelial infection leads to a disruption in osmoregulatory function, 
resulting in electrolyte imbalance and ultimately death by cardiac arrest (Voyles et al. 
2009). Furthermore, there is increasing evidence that mortality due to costs 
associated with infection may occur in the absence of disease. This was demonstrated 
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in a series of both field and lab based experiments, where common toad tadpoles 
(Bufo bufo) exposed to Bd consistently incurred a growth cost which sometimes led to 
mortality before or shortly after metamorphosis, even without detectable levels of 
disease (Garner et al. 2009b).  Unpublished work by J Bielby and collaborators also 
showed an apparent cost to exposure, in that a reduced weight gain was seen in 
common frog (Rana temporaria) metamorphs exposed to Bd, compared to controls, 
whilst showing no detectable infection.   
 
Susceptibility to infection 
Many amphibian species appear to respond differently to exposure and infection with 
Bd, both in an experimental setting and in the wild. There are both interspecific and 
intraspecific variations in response. Some species become infected but show no signs 
of being affected by the disease, for example the Bull frog (Lithobates catesbeianus) 
and the African clawed frog (Xenopus laevis); these Bd-tolerant species are considered 
carriers, acting as vectors of the disease when present in a susceptible population 
(Weldon et al. 2004, Garner et al. 2006), thus increasing the chance of extinction in 
that susceptible population. Others experience excessive mortality and subsequent 
population decline, as seen in the mountain yellow-legged frog (Rachowicz et al. 
2006) and the common midwife toad (Bosch et al. 2001). Within species, intraspecific 
variation occurs, both amongst populations (Tobler and Schmidt 2010, Walker et al. 
2010), and with regards to the amphibian life stage affected; larvae are generally 
unaffected by the disease, with recent metamorphs suffering the greatest mortality 
(Berger et al. 1998).  
 
Briggs et al, (2010) suggests that to understand the different impacts of Bd between 
systems with regards to persistence versus extinction, within-host fungal load 
dynamics are crucially important. They suggest that in a dense population, especially 
in an environment which may promote continual re-infection (e.g. a small volume of 
non-flowing water); the fungal load is more likely to reach high levels in all 
individuals, leading to the possible extirpation of that population. However, if some 
individuals were to survive an initial epidemic, then it is possible that the disease 
could persist in that population in an endemic state, owing to the reduced force of 
infection within the diminished population (Briggs et al. 2010). A number of studies 
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now suggest that a lethal threshold of Bd infection exists in some systems, with 
mortality and/or declines only observed when an average of 10,000 zoospores per 
individual is detected (Vredenburg et al. 2010, Kinney et al. 2011).  
 
A number of factors have been shown to contribute to the variable outcome of 
infection with Bd, for example, temperature (Berger and Speare 2004), host life 
history traits (Lips et al. 2003, Bielby et al. 2008), habitat type (Rowley et al. 2007, 
Kriger and Hero 2007) and the strain of Bd (Fisher et al. 2009a). An increasingly 
popular focus of recent research has been the investigation of host immunity to Bd. 
Evidence does exist to suggest the presence of both adaptive and innate immunity to 
Bd, (Rollins-Smith et al. 2002, Woodhams et al. 2006, 2007, Ramsey et al. 2010, 
Conlon 2011, Murphy et al. 2011). Although data for the presence of adaptive 
immunity has been contradictory (Rollins-Smith 2009, Stice and Briggs 2010, Cashins 
et al. 2013), a recent study has provided evidence to suggest that three species of 
amphibian are able to acquire behavioural or immunological resistance to Bd 
(McMahon et al. 2014), which may provide herd immunity in a population.  
 
The Common Midwife Toad  
The genus Alytes, belonging to the family Alytidae has been the focus of much research 
on chytridiomycosis (Bosch et al. 2001, Tobler and Schmidt 2010, Walker et al. 2010). A 
recent European risk-assessment concluded that members from the family Alytidae 
were consistently over-infected across Europe (Baláž et al. 2013a). The common 
midwife toad, Alytes obstetricans is one species within this family which is highly 
susceptible to the disease chytridiomycosis, with some areas demonstrating severe 
declines and local extinctions as a direct result of the disease (Bosch et al. 2001, Walker 
2008, Walker et al. 2010). The first report of an amphibian decline caused by 
chytridiomycosis in Europe was seen in populations of A. obstetricans in Penalara 
National Park in 1999; here populations disappeared from 86% of the ponds previously 
occupied, and in the ponds which they persisted, numbers were reduced and 
subsequent breeding appeared non-existent (Bosch et al. 2001). Despite A. obstetricans’ 
high susceptibility to disease, there do appear to be noticeable differences in response 
to infection at a population level. Such effects range from local extinctions in Penalara 
(discussed above) to no apparent negative effect in populations in Switzerland (Tobler 
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et al. 2012). The latter study highlights that mortality may be cryptic, and one would 
therefore expect that possible declines suffered as a result of this mortality may also be 
cryptic.  
 
Purpose of research 
This project has taken advantage of a well-described spatial system of Bd infection, 
located in the French Pyrenees. Mass mortalities, due to chytridiomycosis, have been 
observed in populations of the highly susceptible Midwife toad (Alytes obstetricans) in 
the French Pyrenees since the discovery of the pathogen in this area in 2002. The long 
term effects of the disease in this system are as yet unknown; however, mortality 
appears to occur at, or soon after, metamorphosis and the prevalence of disease is near 
100% within infected lakes. Based on the existing knowledge available on Bd and 
considering the time period available, I needed to produce a realistic and tractable 
overall idea which would allow me to begin to understand whether Bd is a conservation 
risk to A. obstetricans populations in this system.  
 
The overall aim of this PhD project was to begin to understand the population level 
impacts of Bd in Alytes obstetricans at a select number of sites. I aimed to determine 
whether infection with chytridiomycosis has the potential to cause declines in this 
species across the affected region, and whether all populations are equally at risk.  In 
order to achieve the main project aim, I attempted to address a number of key questions 
related to this system: 
 
1) Is there a threshold of Bd infection associated with mortality in Alytes 
obstetricans within this system? 
2) Are populations of infected Alytes obstetricans decreasing over time? 
3) Is there a difference in disease induced mortality rates of infected Alytes 
obstetricans among populations?  
4) Does the prevalence and intensity of infection in Alytes obstetricans vary over 





In my first data chapter, Chapter Three I examined whether I could infer a threshold of 
infection, associated with mortality, based on comparison of swab data taken from 
infected Alytes obstetricans metamorphs exhibiting different clinical states. These data 
were further used to ascertain how reliable the current method of Bd detection (swab 
sampling) is at providing an accurate representation of the true burden of infection 
suffered by an individual. This was achieved by quantifying the infection load 
throughout the entire skin and comparing this to swab results from the same individual.  
In Chapter Four I assessed whether populations are declining or not in the presence of 
infection, by measuring abundance of Alytes obstetricans over-wintered tadpoles over 
time. This was undertaken by carrying out a number of capture mark recapture studies 
at three focal sites, using visible implant elastomer (VIE) as a marker of over-wintered 
tadpoles. In Chapter Five I assessed the nature of host parasite interactions and how 
they compare amongst three different sites, by quantifying mortality rates over time in 
a laboratory set-up, then comparing these to estimates of mortality in the field. 
Additionally, data were collected that would allow investigation of a hosts ability to 
persist with infection, the existence of infection thresholds, and the temporal variation 
of infection within individual hosts. In Chapter Six I focused on one site and determined 
the response to Bd over time in three different host species with varying susceptibility, 
present in the same environment. I investigated the changes in prevalence and infection 
intensity over a seven year period and investigated the potential influence of 
environmental variation in the changes observed.  
 
Location of fieldwork  
All fieldwork for this thesis has been based in the Vallee de Aspe, in the Western 
Pyrenees. Fieldwork was carried out during the summer months of July through to 
September, from 2010 to 2013, but data collected by myself and others in 2008 and 
2009 has been included where necessary. Sites throughout this area were initially 
sampled in 2004, when Bd infection was first detected, and on-going monitoring of sites 
has been conducted since. It has been suggested that infection within this region was 
down to a single introduction and subsequent spread from an unknown source, and that 
the possibility of further spread of the pathogen and disease across this region is highly 
likely (Walker et al. 2010). All sites are above 1600m altitude and a strong association 
between outbreaks of chytridiomycosis and altitude has been shown (Walker et al. 
31 
 
2010). A brief description of the four focal study sites which this thesis has been based 
on follows, including photos and a map indicating the locality of each site.  
    
Figure 1.2: Location (indicated by a blue square) of field sites. The horizontal red line is 






Figure 1.3: Shows a more detailed location of each field site, with scale bar to show the 
distance between each site.  
  
Lac de Lhurs 
Lac Ansabere 




Lac Puits d’Arious: Bd was first detected at this site in 2006 (Walker 2008). The site 
(Longitude: 0°38'0.20"W, latitude: 42°51'51.05"N) sits at an altitude of 1867m with a 
total area of 0.2ha (Girard and Gomez 2009). It is a silt bottomed lake, with moderate 
visibility. Amphibian species present are the midwife toad (Alytes obstetricans), the fire 
salamander (Salamandra salamandra), the palmate newt (Lissotriton helveticus), the 
common frog (Rana temporaria) and the common toad (Bufo bufo). The latter two are 
present at very low numbers.  
  
 
Lac Ansabere: Bd was first detected here in 2005 (Walker 2008).  The site (Longitude: 
0°42'30.64"W, Latitude: 42°53'13.91"N) sits at an altitude of 1859m and has an area of 
0.2ha (Girard and Gomez 2009). This lake is silt bottomed but with high visibility if 
undisturbed. Amphibian species present are Alytes obstetricans, Salamandra 





Lac de Lhurs: Sampling has been carried out since 2006, but Bd was only first detected 
here in 2009. The site (Longitude: 0°42'14.30"W, Latitude: 42°55'17.84"N) sits at an 
altitude of 1691, with an area of 1.5ha (Girard and Gomez 2009), but this is subject to 
dramatic changes in the water level as the seasons change. This lake is silt bottomed 
with large areas of rocky coverage. Amphibian species present are Alytes obstetricans, 
Rana temporaria, Bufo bufo and Salamandra salamandra. 
 
 
Lac d’Arlet: Bd was first detected here in 2005 (Walker 2008). The site (Longitude : 
0°36'54.12"W, Latitude : 42°50'24.20"N) sits at an altitude of 1986, with an area of 
2.7ha (Girard and Gomez 2009). The lake is silt and gravel bottomed, with some large 
rocky areas of coverage. Amphibian species present are Alytes obstetricans, Lissotriton 







These field sites contain species from two different orders of amphibian, Caudata 
(newts and salamanders), and anuran (toads and frogs). A. obstetricans is the focus of 
this thesis, but data collected from two other members of the anuran family have been 
included, those being the common toad (B. bufo) and the common frog (R. temporaria). 
All three species undergo a similar developmental process from egg – tadpole – 
metamorph – adult. Gosner, (1960) devised a key to identify key features associated 
with the different stages of anuran embryos and larvae (Table 1.1). Of the three species, 
A. obstetricans is the only species which has the ability to over-winter as a tadpole until 
development to a metamorph continues. Appendix One provides a description of some 
of the key life-stages of A. obstetricans, some of which have been the focal time-points of 
sampling throughout this thesis.  
 
Table 1.1: The key features associated with the Gosner Stages used to identify anuran embryos 
and larvae (Gosner 1960).  
 
Gosner stages Key features 
1-24 Embryonic 
25 Approximate time of hatching 
26-40 Tadpole stages, development of hindlimbs 
41-46 Key changes associated with metamorphosis 
 42 Forelimbs and hindlimbs both emerged, shedding of keratinised 
mouthparts 





Chapter 2: Methods for the detection of Bd 
infection and statistical analysis of qPCR 
results 
 
A. obstetricans metamorphs and over-wintered larvae  
The midwife toad, Alytes obstetricans (A. obstetricans) is found at elevations ranging 
from sea level to altitudes exceeding 2500m, such as in the Pyrenees (Vences and 
Grossenbacher 2003). At high altitude, A. obstetricans larvae (tadpoles) undergo a 
prolonged period of development and can over-winter as a tadpole for a number of 
years until they are ready to complete metamorphosis (Walker et al. 2010). Such over-
wintered (OW) larvae can be easily distinguished from the current year larvae due to an 
obvious difference in size. OW larvae are commonly around 5-6cm in length, compared 
to a young of the year which is often under 3cm by the end of the first season (personal 
experience).  See Appendix One for an illustrated description of the key life-stages of A. 
obstetricans. The only keratinized areas of any stage of larvae are the mouthparts, and 
therefore this is the only area which Bd can infect. After a number of years these OW 
larvae will undergo metamorphosis and develop into a small toad, with a fully 
keratinised skin. Bd is therefore able to spread/infect all skin covered areas of this life-
stage. These are the two most common life-stages of A. obstetricans sampled throughout 
my PhD, the OW larvae and the recent metamorph, and each chapter contains results 
from swab data collected from one and/or both life-stages.  
 
The most common method for sampling amphibians for the presence and quantification 
of Bd is non-invasive swab sampling. A superficial sample is taken from the keratinised 
area (skin or mouthparts) of an amphibian, with the use of a sterile cotton swab.  
Wearing disposable gloves, I brushed sterile cotton swabs (MWE medical wire) over the 
mouthparts of OW larvae. The tip of each swab is rotated gently over the mouthparts, 
10 times per individual (Figure 2.1). I sampled recent metamorphs by swabbing the 
hind legs, feet and pelvic patch (five swipes/turns on each area) of each individual 
(Figure 2.2). All swabs were stored in dry tubes at 4°C until processing could take place. 
The long term stability of Bd zoospores on swab samples was investigated by Hyatt et al, 
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(2007).  Dry swab were spiked with a known concentration of Bd zoospores and stored 
at either 23°C, 4°C or -20°C. The recovery of zoospores from samples was regularly 
assessed over a period of 18 months. The study concluded that there was no decrease in 
zoospore recovery between one to 18 months, at any temperature (Hyatt et al, 2007).  
 
 
Figure 2.1: The process of swabbing OW A. obstetricans larvae, using a sterile cotton 
swab. Swabbing is focused on the keratinised mouthparts.   
 
 
Figure 2.2: The process of swabbing a recent A. obstetricans metamorph, using a 
sterile cotton swab. Swabbing is concentrated on the pelvic patch, the hind limbs and 




Biosecurity whilst sampling at lakes 
 
To avoid transmission of Bd between lakes, ideally only one lake was visited per day. 
Occasionally it was necessary to visit two per day, and on these occasions a different set 
of nets were used to sample in each lake, and footwear was disinfected, as described 
below, between each site. Fresh disposable gloves were worn between sites and 
between species sampled. I never visited an infected and an uninfected lake on the same 
day. Following sampling at each lake, all equipment (Nets/boxes etc.) and footwear was 
sprayed with 1% Virkon at a distance of at least 20m from the water’s edge (Johnson et 
al. 2003). Equipment was left to air dry before leaving each site. Each evening all 
equipment was submerged in a 1% Virkon solution for 15 minutes, rinsed with fresh 
water and air dried.  
 
DNA extraction of swabs  
I extracted DNA by closely following the protocol described by (Boyle et al. 2004). I 
prepared the DNA extractions by placing the tip of each swab into a 1.5ml Eppendorf 
tube containing 60ul of Prepman Ultra (Applied Biosystems. Cat. 4318930) and 0.3-0.4g 
zirconium/silica beads (Biospec. Products – Cat. 11079105). I homogenised the 
contents of the tubes using a Qiagen Tissuelyser II bead-beater (Qiagen 346827) for 45 
seconds and then centrifuged them at 13,000rpm for 30 seconds. Following a repeat of 
these two processes, I moved samples to a block-heater maintained at 100°C for 10 
minutes, cooled them for two minutes then centrifuged them at 13,000rpm for a further 
three minutes. I collected the supernatant and stored it in clean Eppendorf tubes at -
20°C until processing via qPCR. I prepared 1:10 dilutions from the supernatant using 
molecular grade sterile water (4µl supernatant and 36µl of H₂0); this was done to 
reduce the risk of PCR inhibition upon processing, caused by a high concentration of 
Prepman Ultra. All DNA extractions were undertaken in a category two biological safety 
cabinet, to reduce the chance of contamination.    
 
Analysis of all Bd DNA samples 
I used quantitative PCR (qPCR) as the standard method for the detection and 
quantification of Bd DNA for all swab and skin samples, as described by Boyle et al. 
(2004). I achieved high specificity and sensitivity through the use of primers specific to 
Bd. Boyle et al. (2004) designed a test using the forward primer ITS-1 Chytr3, a Taqman 
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probe Chytr MGB2, located within the ITS-1 region and the reverse primer 5.8S Chytr 
(Table 2.1). The high copy number achieved within the ITS-1 region enables the 
detection of very low quantities of Bd; the authors state that this test can reliably detect 
a quantity of 0.1 genomic equivalents (GE) (Boyle et al. 2004) where one GE is generally 
considered to be equivalent to one Bd zoospore. 
 
Table 2.1: Primer sequences of the forward and reverse primers and MGB2 probe, which are 
used for the Taqman qPCR assay, described by Boyle et al. (2004). 
Primer/probe name Sequence 
Forward primer ITS-1 Chytr 5’- CCTTGATATAATACAGTGTGCCATATGTC-3’ 
Reverse primer 5.8S Chytr 5’- AGCCAAGAGATCCGTTGTCAAA -3’ 
Taqman probe Chytr MGB2 5’ - 6FAM CGAGTCGAACAAAAT MGBNFQ – 3’ 
 
All samples were screened with the use of an Applied Biosystems 7500 Real-Time PCR 
machine. I pipetted 20µl of a master mix containing the forward and reverse primers 
and probe into each well of a 96 (x50µl) optical PCR plate. I added four Bd reference 
standards (0.1, 1, 10 and 100 GE), a negative control and all diluted samples in 
duplicates; 5µl of each per well. I centrifuged the plate at 2000rpm for 3 minutes, before 
analysis for a total of 50 cycles (2mins 50°C; 10mins 95°C, followed by 15seconds 95°C, 
1min 60°C). The Bd standards produce a standard curve which allows the calculation of 
the unknown samples. I assigned a positive reading if a) both wells amplified and b) an 
average estimate of 0.1GE or above was produced, when comparing the sample to the 
standard curve generated by the standards. I considered a reading of less than 0.1GE a 
negative result. In the event that only one replicate amplified, I re-ran this sample up to 
three times. I considered it negative for Bd if a double amplification was not produced 
after three attempts. Because of the dilution factors, I multiplied all results by either 10 
(for swab extractions) or 1000 (for skin digest extractions) to determine the true value 
of Bd DNA in that sample.  
 
Statistical analysis of GE scores gained from qPCR 
The following was applied to all analysis concerning GE data in this thesis. All Bd DNA 
scores (GE) were rounded to the nearest whole number and treated as count data in 
order assess the differences in GE between and within species. I used a likelihood 
ratio test comparing a Poisson distribution against a negative binomial distribution to 
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test for over-dispersion (function odTest, package pscl). Negative binomial regression 
models are commonly used for count data in which the variance is not constrained to 
equal the mean (Crawley 2007). All my GE data was over-dispersed (p-value < 0.001 
for all comparisons), therefore I used negative binomial regression models (function 
glm.nb from the package MASS) to look for any differences in the intensity of infection 
over the years, within and amongst species (whichever was relevant to a chapter). 
Likelihood ratio tests were used to compare a given model against a null model to 
provide a p-value for the overall model significance. Where possible, factor level 
reductions were carried out to minimum adequate models; any non-significant 
factors within a model were combined into a single factor level and the resulting 
factor used in further model simplification. Where necessary, Tukey post-hoc testing 
was performed to assess pair-wise comparisons between two factors (function glht 




Chapter 3: Assessing the reliability of swab 




Batrachochytrium dendrobatidis (Bd) is a pathogenic fungus which causes the disease 
chytridiomycosis in amphibians. The most commonly used method for the detection of 
Bd is the use of an epidermal swab, rubbed over the keratinized areas of an amphibian 
and then processed to yield DNA for detection by qPCR. This method has been widely 
used to infer a threshold of infection with some studies indicating that mass-mortality  
and population declines were only visible when an average infection intensity of 10,000 
Bd zoospores (GE) was reached, referred to as ‘Vredenburg’s 10,000 rule’. However, it is 
unclear how reliable and consistent the swab/qPCR method it is at detecting the true 
burden of infection suffered by an individual. I examined whether I could infer a 
threshold for lethal infection based on comparison of swab data taken from infected 
Alytes obstetricans metamorphs that exhibited different clinical states. These data were 
further used to ascertain how reliable the results were at providing an accurate 
indication of the true infectious burden suffered by an individual, by quantifying the 
infection load throughout the entire skin and comparing this to swab results from the 
same individual. Swab data from recently dead and moribund metamorphs did not 
provide an average infection threshold in concurrence with ‘Vredenburg’s 10,000 rule’, 
but around half this quantity (5,000 GE). However, infection intensity from these 
individuals was significantly higher than that detected in visually healthy individuals, 
suggesting that that fungal load dynamics play an important role in disease-induced 
mortality in Alytes at these sites. Further, the ability of swab data to provide an accurate 
indication of the true disease process suffered by an individual does not appear to be 
reliable, and therefore using this method to infer such a threshold might be 









Our ability to detect disease is critical to understanding their effects upon wildlife 
species and biodiversity (Mörner et al. 2002).  The World Organisation for Animal 
Health (OIE) recently reported that wildlife health surveillance is a subject of growing 
importance (OIE 2010). However, adequate surveillance can be particularly challenging 
in cryptic host species. The majority of studies attempting to detect disease rely on 
surveillance programmes, with the aim of collecting a certain number of samples from a 
target population, either live or dead, to determine the point prevalence of a given 
disease. This is often accomplished with the use of antigen or specific antibody 
techniques (Mörner et al. 2002) which, depending on the pathogen in question, may not 
be available, or even appropriate. When there is no known humoral response, the use of 
antibody tests is not applicable, however specific DNA based diagnostic tests are well 
established. Indeed, DNA-based diagnostic tests have become a valuable tool in disease 
diagnostics (Belák and Thorén 2001, Belák et al. 2009).  As a result of rapid 
developments in the field of molecular biology, the cost and flexibility of such methods 
have made them widely used and in some systems they appear to be preferred to 
traditional antibody or antigen-based tests.   
 
Reasons to favour molecular tests include their ability to detect parasite life history 
stages outside of the host, their ability to detect tiny amounts of parasite DNA and their 
relatively low cost per sampling unit. However, despite the positives, such approaches 
are not without their disadvantages. Even with the advent of techniques such as real-
time quantitative polymerase chain reaction (qPCR), which is widely used in disease 
monitoring and surveillance (Oleksiewicz et al. 2001, Picco et al. 2007, Raviv and Kleven 
2009), there can still be problems with sensitivity (the method’s probability of detecting 
a positive individual) and/or specificity (the method’s probability of detecting a 
negative individual). Reasons for this can include degradation of DNA (Dean and Ballard 
2001), PCR inhibitors (Hyatt et al. 2007), and the possibility of probes or primers 
amplifying closely related parasites (Imwong et al. 2009), to name but a few. The 
specificity and sensitivity of such tests may not only be important in terms of 
establishing an individual’s infection status (i.e. whether it is infected or not), but also in 
terms of estimating the number of infectious bodies with which a host is infected. In any 
epidemiological study, it is advantageous to be able to detect both infection status and 
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burden simultaneously. With micro-parasites, in which infectious bodies are too small 
to be seen by the human eye, it is vital that diagnostic tests are accurate in establishing 
the quantity of infectious bodies within a given sample, as doing so may be key in 
determining the presence of dose-dependent responses and infection thresholds. 
 
Batrachochytrium dendrobatidis (Bd) is a pathogenic fungus which causes the disease 
chytridiomycosis and is largely responsible for the recent global decline and extinction 
of many amphibian species (Daszak and Cunningham 2003, Stuart et al. 2004, Skerratt 
et al. 2007, Rosa et al. 2013).  Bd’s ability to establish, cause disease and spread varies 
greatly between species and populations (Blaustein et al. 2005, Tobler 2011, Baláž et al. 
2013b). When Bd is able to establish, the outcome can range from no evidence of 
decline, recovery after an initial decline through to severe declines and local extinctions 
(McDonald and Alford 1999, Bosch et al. 2001, Retallick et al. 2004, Lips and Burrowes 
2005, Woodhams et al. 2007). When sampling a population for the detection of Bd, the 
most commonly used method is the use of an epidermal swab which is rubbed over the 
skin or the mouthparts of an amphibian and then processed via qPCR, utilising a highly 
specific Taqman probe (described in detail by Boyle et al. 2004). qPCR has been shown 
to be the most rapid, specific and sensitive method available for this parasite and is the 
best method currently available for allowing the parasite load to be assessed, even at 
very low (single zoospore) levels (Kriger and Hero 2007). The ability of qPCR to detect 
an infection burden has been important in providing a mechanism by which fungal load 
dynamics can be assessed.  
 
Indeed, recent studies have used this method to ascertain whether a threshold of 
infection exists in some individuals. Briggs et al. (2010) suggest that if infectious 
burdens build up rapidly across a population then the probability of extinction will 
increase as threshold infections are met in a majority of individuals, whereas in an 
instance where infection was to build up less quickly (such as in an area with high 
micro-predator density or a more sparse population), then thresholds may not be met 
and populations may persist. Vredenburg et al. (2010) noted declines in populations of 
Mountain yellow-legged frogs (Rana muscosa) only when an average infection intensity 
of 10,000 zoospore equivalents per swab was reached, resulting in what is now known 
as ‘Vredenburg’s 10,000 zoospore rule’. Kinny et al. (2011) echoed these findings in 
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their study of Crawfish frogs (Lithobates areolatus). However, it is unclear how reliable 
and consistent the swabbing method is at detecting the true burden of infection suffered 
by an individual. A swab is thought to detect Bd DNA present on the surface of the skin; 
considering the life cycle of Bd (Figure 3.1), swabbing will not detect the reproductive 
life stages, which are embedded in the epidermis. Maturation can take several days to 
complete before motile zoospores emerge (Berger et al. 1998), therefore zoospores may 





Bd was detected in the highly susceptible Midwife toad (Alytes obstetricans) in the 
Pyrenean system, described in Chapter One, in 2004 (Walker 2008) and populations 
have persisted through to the present. Walker (2008) investigated the relationship 
between the presence and prevalence of infection, environment and mortality, yet could 
say very little about the actual disease process. For example, only infection burden in 
tadpoles was investigated in any detail and the disease process only becomes critical 
during or after metamorphosis (Rachowicz and Vredenburg 2004). In order to truly 
assess the impact of disease within this area it is important to determine whether a 
threshold of infection, a lethal dose, exists within this species and study system. At some 
of these infected sites, a large number of mortalities are observed each year, but a large 
number of visually healthy individuals are also seen. At present it has not been 






Diagram adapted from Rosenblum et 
al. 2010. Shows the main stages in the 
lifecycle of Bd. Stages A and D can both 
result in zoospores present on the 
surface of the amphibian’s skin, 
whereas stages B and C occur within 




burdens. If it was possible to identify what the meaningful threshold might be for a host 
species, and to then assess what proportion of that population is likely to reach such a 
threshold, then it may be possible to make an informed decision regarding the risk of 
population decline. 
 
In this chapter I aimed to determine whether the ‘10,000 rule’ (Vredenburg et al. 2010) 
applies in these Pyrenean Alytes by comparing swab data collected from moribund 
animals (i.e. at the point of death) and recently dead individuals to those which show no 
outward sign of disease (visually healthy). Further, I aimed to determine whether swab 
data provided an accurate measure of an individual’s parasitic burden, using a 
technique to quantify the fungal load of the whole skin taken from an infected 
individual. More specifically, I tested the following hypotheses: 
 
i) Parasite burden will predict the visual state of an individual (i.e. healthy, moribund or 
dead). The burden of infection in individual metamorphs who appear visually healthy 
will be significantly lower than that seen in moribund or recently deceased individuals. 
ii) A threshold of infection, associated with mortality, will be detected in both moribund 
and recently dead individual metamorphs, which will be on average around 10,000 
zoospore equivalents (GE), in concurrence with previous studies (e.g. Vredenburg et al. 
2010).  
iii) There will be a correlation between the amount of GE detected by a swab and the 
amount of GE detected within the whole skin section of the area swabbed, which is 





Materials and methods 
Collection and sampling of individuals 
During the summer of 2011, I surveyed all four study lakes for individual Alytes 
obstetricans metamorphs in three physical states: visually healthy, moribund and 
recently dead but not decomposed (See Chapter One for full details on study lakes).  An 
animal was considered to be moribund if it was unable to turn over when placed on its 
back, because lack of a righting reflex is a known sign of chytridiomycosis (Berger et al. 
2005b). Visually healthy individuals possessed a righting reflex and were strong and 
alert. The hind limbs, feet and pelvic patch of each individual were swabbed, using 
sterile cotton swabs as described in detail in Chapter Two, and where possible a sample 
size of 30 individuals per state was collected. Any moribund individuals were 
euthanized using an overdose of MS222 (tricaine methanesulfonate, 1000mg/L, 
buffered to neutral pH using bicarbonate of soda) (Torreilles et al. 2009), and 
subsequently stored in 70% ethanol. I stored all swabs and specimens at 4°C until 
processing could take place. For ethical reasons, no healthy animals were euthanised. 
Only three out of the 14 recently dead individuals collected around the lake were in a 
suitable condition to be processed using the whole skin extraction method, described 
below. In order to increase the sample size, I used a further 12 of the freshest 
mortalities from the experimental design described in Chapter Five; (four from lac Arlet, 
five from lac Lhurs and three from lac Ansabere). All individuals were treated as two 
separate groups, moribund (n=17) and recently dead (field: n=3, lab: n=12).  
 
DNA extraction of swabs  
Bd DNA was extracted from swabs by closely following the bead-beating protocol 
described by (Boyle et al. 2004), and all extractions were diluted 1/10 before analysis 
via qPCR. Please refer to my methods chapter for full details (Chapter Two).  
 
Preparation of samples for full skin digest 
To evaluate the quantity of Bd infecting the entire skin of metamorphs, I carefully 
skinned individuals, using forceps and a sterile scalpel blade. Skin sections were divided 
into eight sections so as not to overload the spin columns with tissue. Sections included; 
1) Dorsal head; 2) Ventral head; 3) Right front limb, including shoulder and upper chest; 
4) Left front limb, including shoulder and upper chest; 5) Ventral abdomen; 6) Dorsal 
47 
 
back; 7) Right hind limb; 8) Left hind limb (Figure 3.2). I considered the sum total of all 
eight skin sections to equal the total burden of Bd infecting that individual, as Bd has 
only been found to infect skin layers. Each skin section was finely diced with a sterile 
scalpel blade before placing the skin in a 1.5ml microcentrifuge tube. 
 
 
       
Figure 3.2: Illustration of cut locations, denoted by the dashed line, dividing the entire skin of 
an individual A. obstetricans metamorph into eight separate sections. Cut locations are identical 
on the dorsal and ventral surface, with each front and hind limb being one whole skin section.  
 
DNA extraction of skin sections  
Skin samples were extracted using the DNeasy Blood & Tissue Kit (Qiagen). I used the 
spin-column protocol for use with animal tissue with the following two modifications: 
1) an extra homogenization step following the addition of Buffer ATL, and 2) an 
increased incubation period following the addition of proteinase K. In step one, I added 
180µl of Buffer ATL to each sample, then homogenized the samples for 45 seconds, 
using a Minibeadbeater 8 (Biospec products, Bartlesville, USA).  In step 2, I added 20µl 
of proteinase K and incubated samples overnight (for approximately 20 hours) at 56°C, 
until the tissue had completely lysed; I occasionally vortexed the samples during this 
time, in order to disperse the material. Once lysed, I vortexed the samples for 15 
seconds and then added 200µl of Buffer AL plus 200µl 100% ethanol (pre-mixed). The 
samples were thoroughly vortexed before pipetting the mixture into DNeasy Mini spin 
columns, placed in 2ml collection tubes and then centrifuged the samples at 8,000rpm 
for one minute and discarded the flow-through in the collection tubes. The spin columns 
were placed in new collection tubes and 500µl Buffer AW1 added. I then centrifuged the 
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samples as above, discarded the flow-through and placed the spin columns in new 
collection tubes. Subsequently, 500µl Buffer AW2 was added and the samples 
centrifuged at 14,000rpm for three minutes, in order to dry the DNeasy membrane. 
Finally I placed the spin columns in clean 1.5ml microcentrifuge tubes and pipetted 
200µl Buffer AE directly onto the DNeasy membranes, after which I incubated the 
samples at room temperature for one minute before I centrifuged and collected the 
eluates. In order to increase overall DNA yield, I repeated this final step, so a total of 
400ul of eluate was collected per sample. All samples were stored at -20°C prior to 
analysis.  
 
I diluted the eluates following a 10-10,000 dilution series using molecular grade sterile 
water, in order to determine which dilution factor gave the optimal results. I used an 
Internal Positive Control (IPC) (Hyatt et al. 2007), spiked into a sub-set of samples, at all 
dilution levels to assess if any inhibition was present, as described below. Inhibition 
could be apparent due to a potentially large amount of DNA present in the extracted 
sample, or the presence of any residual ethanol from the extraction process. I 
determined that a dilution factor of 1,000 provided the most reliable results, with the 
least inhibition, so I diluted all skin digest samples to this factor in preparation for qPCR 
analysis. On the whole, dilution factors below this showed inhibition and a dilution 
factor of above this resulted in a drop in the quantity detected, presumably due to the 
high dilution ratio.  
 
Analysis of all samples 
I used qPCR as the standard method for the detection and quantification of Bd DNA in 
both swab and skin digest samples, as described by Boyle et al. (2004). Please refer to 
Chapter Two for full details of this procedure. In order to test for the presence of 
inhibitors in swab and skin digest samples, I followed the methodology of (Hyatt et al. 
2007) and used a VICTM labelled synthetic amplicon as an IPC (VICTM dye, Applied 
Biosystems No. 4308323). I added 1μl of 10.Exo IPC mix and 0.5μl of 50.Exo IPC DNA to 
the PCR master mix of a subset of swab samples (50%). In these samples, the quantity of 
water was reduced to equal a total of 20μl of master mix per well. I multiplied all results 
by either 10 (for swab extractions) or 1000 (for skin digest extractions), because of the 





All statistical analyses were carried out using the statistical package ‘R’, version 3.0.0 (R 
Core Team 2013). All Bd DNA scores (GE) were rounded to the nearest whole number 
and treated as count data. I used negative binomial regression models (function glm.nb, 
R package MASS) to look for any differences in the intensity of infection (GE) detected 
by a swab in healthy individuals amongst lakes, and amongst the different states (i.e. 
amongst visually healthy, moribund and dead individuals, using the combined GE from 
each lake for a given state). I also used a negative binomial regression model to look for 
differences in the quantity of GE detected in different skin sections of moribund versus 
dead metamorphs, using the combined GE from each skin section for both moribund 
and dead individuals. Where possible, non-significant factors were combined into a 
single factor level and the resulting simplified factor used in further model 
simplification. Results provided are those form the simplified models. Likelihood ratio 
tests were used to assess the overall significance of each model. Chapter Two provides 
justification and explanation for the use of negative binomial regression models to 
assess differences in GE scores. I used a series of linear models to determine a 
correlation between the amounts of Bd DNA detected by a swab compared to that 





Swab data from visually healthy individuals 
I sampled 30 individuals from lac Arlet, 30 from lac Puits, 27 from lac Lhurs and eight 
from lac Ansabere.  Bd was detected in all but two metamorphs across all four lakes 
sampled (Table 3.1); the two negative individuals were removed from all of the 
following analysis. IPC results revealed that out of those samples tested, no inhibition 
was present. Lake was a significant predictor of infection intensity within individuals 
(Chi-sq. = 18, df =3, p<0.001). Results revealed that infection intensity was significantly 
weaker in individuals from Ansabere and Lhurs compared to those from Arlet or Puits 
(z = -4.77, df = 92, p <0.001), but didn’t differ between lakes within those two groups.  
 
Table 3.1: Summary of the average, +/- 1 Standard Error (SE), infection intensity (in genomic 
equivalents) detected in swabs from visually healthy individuals, moribund individuals, recently 
dead individuals collected in both the field and from the laboratory set-up, all grouped by lake 
and with all lakes combined. The number of positive individuals sampled per lake and in total 
(all lakes combined) is shown under sample size. The * indicates that the SE could not be 
calculated due to a sample size of just one individual. The average value given here is the 
infection intensity detected for that individual. 
 
State Lake Sample 
size 
Average infection 
intensity (+/- 1 SE) 
Infection intensity 
range 
 Ansabere 8 148 (+/- 95) 0.2 to 806 
Visually  Arlet 30 537 (+/- 139) 0.2 to 2,999 
healthy Lhurs 26 145 (+/- 39) 0.1 to 1,075 
 Puits 29 781  (+/- 157) 1 to 3,248 
 Combined 94 473  (+/- 73 ) 0.1 to 3,248 
 Ansabere 1 2,495* NA 
 Arlet 10 5,891 (+/- 1,754) 548 to 18,734 
Moribund Lhurs 5 1,025 (+/- 608) 45 to 3,025 
 Puits 1 1,770* NA 
 Combined 17 4,018 (+/- 1,169) 45 to 18,734 
 Arlet 11 6,267 (+/- 2,219) 239 to 25,810 
Recent  Lhurs 2 516 (+/- 360) 155 to 879 
Dead Field Puits 1 9,403*  NA 
 Combined 14 5,669 (+/- 1,835) 155 to 25,810 
 Ansabere 3 3,676 (+/-1,389) 1,057 to 5,784 
Recent  Arlet 4 13,893 (+/- 4,425) 6,147 to 25,340 
Dead Lab Lhurs 5 12,531 (+/- 6,392) 1,593 to 36,919 






Swab data from moribund and recently dead individuals 
I sampled a total of 17 moribund metamorphs, across all four lakes; (Arlet= 10; Lhurs= 
5, Puits= 1, Ansabere= 1). From field sampling alone, I sampled a total of 14 recently 
dead individuals across three of the lakes (Arlet =11, Lhurs =2, Puits =1), (Table 3.1). 
Although some inter-lake differences were seen in the visually healthy group, these 
differences were not as pronounced as those seen between the different states (i.e. 
healthy-moribund-dead); therefore due to the small sample sizes per lake in both the 
moribund and recently dead states, I combined these data to assess the differences in 
infection intensity among the different states. State was a significant predictor of 
infection intensity within individuals (Chi-sq. = 84, df =3, p <0.001). Negative binomial 
regression models revealed there was no significant difference between the infection 
intensity detected among the dead field collected, dead laboratory sourced or moribund 
individuals. Therefore, the model was reduced to the minimum adequate model by 
combining states between which no significant differences were seen into a single level. 
The simplified model revealed that the infection intensity detected in the visually 
healthy group was significantly lower than that detected in the combined 
dead/moribund group (t = -9.676, df = 135, p<0.001), Figure 3.3.   
 
Figure 3.3 Boxplot showing the infection intensity (Log GE) detected in swabs taken from the 
visually healthy metamorphs (yellow, n=95), and combined Moribund/dead individuals (grey, 
n=43) from all lakes combined. Values have been log transformed and box plots display the 
median Log (GE) (horizontal black line), 25th and 75th percentiles (grey boxes), 10th and 90th 
percentiles (whiskers), and all points that lie outside of the 10th and 90th percentiles ( ͦ ).  
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Relationship between skin-digest and swab data using field- and lab-sourced 
animals 
I did not detect a significant correlation between the swab GE and the combined GE 
value for the pelvic patch and hind limbs skin-digest (PP+HL) (linear regression: t=0.42, 
p=0.68, Figure 3.4a) or between swab GE values and the combined GE for all skin-digest 
sections (total digest) (t=0.647, p=0.53, Figure 3.4b) in moribund individuals. 
Comparisons made using dead animals revealed a significant positive correlation 
between swab GE and the combined GE value detected in the PP+HL(t=3.97, p=0.002, 
Figure 3.5a, Adjusted R2= 0.51) and swab GE and the total digest (t=3.17, p=0.007, 
Figure 3.5b, Adjusted R2=0.39). However, the latter two correlations appear to be driven 
by two highly influential points (those at high GE values). After removing these two 
highly influential points the relationship was not significant for either comparison: 
swab GE and the combined GE value for PP+HL (linear regression: t=0.34, p=0.74, 









Figure 3.4: Relationship between the infection intensity detected via a swab (Swab GE) compared to the combined infection intensity detected in 
the skin of a) the hind limbs and pelvic patch (Digest GE, H.limbs+PP) and b) in all skin sections combined (Total digest GE), obtained via a full 
skin digest, in moribund individuals collected from the field, n=17. Each red cross represents a swabbed individual. The linear regression of 








Figure 3.5: Relationship between the infection intensity detected via a swab (Swab GE) compared to the combined infection intensity detected in 
the skin of a) the hind limbs and pelvic patch (Digest GE, H.limbs+PP) and b) in all skin sections combined (Total digest GE), obtained via a full 
skin digest, in recently dead individuals (field sourced, n=3, lab sourced, n=12). Each red cross represents a swabbed individual. The linear 















Figure 3.6: Relationship between the infection intensity detected via a swab (Swab GE) compared to the combined infection intensity detected in 
the skin of a) the hind limbs and pelvic patch (Digest GE, H.limbs+PP) and b) in all skin sections combined (Total digest GE), obtained via a full 
skin digest, in recently dead individuals with the two influential outlying points removed (field sourced, n=3, lab sourced, n=10). Each red cross 




Distribution of Bd throughout each skin section 
Appendix Two provides information on the quantity of GE detected in each skin section 
of each individual, (from both moribund and dead), that underwent a full-skin digest. 
Each individual value was combined into skin section by state for the following 
comparisons. The amount of GE detected in specific skin sections from both moribund 
and dead individuals varied (Figure 3.7). I was interested in whether this combined GE 
from a comparable skin section varied between state (e.g. the PP from moribund 
compared to the PP from dead). State was not a significant predictor of GE within a 
specific skin section (Chi-sq. = 9.6, df =6, p = 0.139), therefore no further analysis was 
carried out.  
 
 
Figure 3.7: Boxplot showing the comparison between the combined amounts of Bd DNA, 
detected in genomic equivalents (GE) from specific skin sections from all 17 moribund 
individuals (light blue) vs. recently dead individuals (grey). Skin sections are as follows: 1. 
Dorsal (D) head; 2. Ventral (V) head; 3. Front limbs; 4. Pelvic patch (PP); 5. Back; 6. Hind limbs. 
Values have been logged and box plots display the median Log (GE) (horizontal black line), 25th 
and 75th percentiles (grey/blue boxes), 10th and 90th percentiles (whiskers), and all points 









The aim of this research was to see if I could, using swabs, detect a threshold of infection 
associated with increased probability of death. Further, I wished to ascertain whether 
this swab data provided an accurate measure of an individual’s parasitic burden, as 
assessed using a full-skin digest. Swab data collected in the field, from recently dead and 
moribund metamorphs did not provide an average threshold in concurrence with 
‘Vredenburg’s 10,000 rule’ (Vredenburg et al. 2010), and, in fact the average GE was 
around half that. Nonetheless, infection intensity, as detected by a swab, from moribund 
and dead individuals was significantly higher than that detected in the visually healthy 
individuals. This does imply that fungal load dynamics play an important role in 
diseased induced mortality. However, what is evident is that there is a huge overlap in 
individual swab values within and amongst disease states. Some individuals suffered 
mortality or were close to death with a relatively low GE (i.e. in the hundreds), whereas 
some appeared visually healthy whilst exhibiting a high GE (i.e. in the thousands). 
Previous studies have often inferred a threshold of infection based on the average GE 
suffered by a small group of metamorphs (Vredenburg et al. 2010, Kinney et al. 2011). 
Considering parasite data is often heavily unevenly distributed (Crawley 2007), in 
reality assessing a threshold of infection based on averages, especially from a small 
sample size, might be inappropriate and possibly misleading.  
 
The specific value of a threshold is likely to be influenced by many factors: These 
include temperature (Bradley et al. 2002, Berger and Speare 2004), host life history 
traits (Lips et al. 2003, Bielby et al. 2008), innate defences (Harris et al. 2006, 
Woodhams et al. 2007), habitat type (Rowley et al. 2007, Kriger and Hero 2007), 
microbial predator-diversity (Schmeller et al. 2013) or even the strain of Bd (Fisher et 
al. 2009b, Farrer et al. 2011, Doddington et al. 2013), all of which have been shown to 
affect the outcome of exposure, both at an individual and population level. Therefore the 
idea that a specific threshold would hold true for different species or even different 
populations of the same species may be too simplistic. It is possible that the average 
lethal threshold for the species in question (A. obstetricans) in this environment is lower 
(i.e. half) than that detected in other species in other systems (Vredenburg et al. 2010, 
Kinney et al. 2011). However, considering these results, I believe that understanding the 
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dynamics of infection at the level of the individual are key to understanding the 
dynamics at the level of the population.  
 
The overall heterogeneity in infection intensity is common within this system and a 
number of reasons exist as to why it is so extreme. Within this species we see extreme 
phenotypic plasticity in the time to metamorphosis in over-wintered tadpoles. At lower 
altitudes A. obstetricans is known to complete the larval period within a summer 
(Tobler, 2011; personal observation), but it is known that at higher altitudes, tadpoles 
can over winter for several years (Angelier & Angelier, 1964; personal observation); 
indeed in this system we have evidence of individual tadpoles over-wintering for at 
least three years (personal observation). It is therefore impossible to know how old 
individuals are at the point of metamorphosis. Age-associated species susceptibility is 
well known in many species (Berger et al. 1998, Briggs et al. 2005, Garner et al. 2009b), 
and phenotypic plasticity in time to metamorphosis has been shown to involve 
energetic trade-offs, often exasperated by the presence of predators or disease (Buskirk 
and Saxer 2001, Fisher et al. 2009a, Luquet et al. 2012, Johnson et al. 2012). It is 
possible that those individuals metamorphosing with greater infection intensities are 
younger individuals (i.e. they have spent less time as an over-wintered tadpole) and are 
therefore less able to cope with the added pressure of the presence of disease at an 
energetically stressful time.  
 
Some individuals suffered mortality whilst exhibiting low infection loads, as detected by 
swabs. Costs associated with exposure to Bd have been seen in some species (Garner et 
al. 2009b). Garner et al. (2009b) found that individuals suffered mortality post exposure 
to Bd without exhibiting detectable infection, possibly due to a trade-off in costs 
associated with fighting infection versus completing metamorphosis. Completing 
metamorphosis involves extreme physical, morphological and behavioural changes and 
the energy demands associated with this change are extremely high (Beck and Congdon 
2003, Orlofske and Hopkins 2009). It therefore follows that during/after 
metamorphosis, when resources are already stretched, the additional costs needed to 




As well as determining whether a threshold of infection linked to mortality existed in 
this system, I wanted to ascertain how reliable the swab data was in providing a 
representation of the true parasitic burden suffered by an individual, as assessed by a 
full-skin digest. The results appeared to vary depending on whether the individual 
swabbed was recently dead or moribund. When sampling a recently dead individual the 
amount of Bd detected by a swab was significantly positively correlated to the amount 
of Bd detected using the full skin digest method. This relationship was true when 
comparing the swab to both the entire fungal load found within the skin area swabbed 
and the whole surface of the skin. This suggests it may be possible to estimate the true 
parasitic burden of a recently dead individual, on the basis of swab results. However, 
this positive correlation appeared to be driven by two highly influential data points, 
therefore I believe the reliability of this relationship should be treated with caution. The 
data suggests that when sampling a dead metamorph, the swab procedure on average 
detects around 12% of the amount of Bd present in the whole skin, and around 40% of 
the amount of Bd present in the area swabbed (i.e. the pelvic patch and the hind limbs). 
There was no correlation seen between the amount of Bd detected by a swab from a 
moribund individual and that detected via the full skin digest method. On average, when 
sampling a moribund individual, only around 6% of the amount of Bd was detected 
compared to the amount present in the whole skin, and about 13% within the region 
swabbed.  
 
One explanation for this variation in correlation of the two methods between the 
different states might be due to an individual’s skin properties. Post death the skin 
starts to autolyse and in doing so zoospores and sporangia deeper in the skin may be 
released at a greater and more consistent rate than pre-death. In an individual pre-
death, even in a moribund state, the lifecycle of Bd would presumably continue as 
normal and the zoospore shedding rate would vary depending on what stage the 
lifecycle is at (refer back to Figure 3.1 in introduction for further clarification). Further, 
various factors have been shown to influence the rate of this cycle. Bd zoospores survive 
in water, and are quickly killed by drying (Johnson et al. 2003), so if it happened to be a 
particularly hot and dry day when swabbing, emergence of the zoospores may be 
slowed in order to avoid unfavourable conditions. Therefore, swabbing an individual 
pre-death may merely give an indication of the current zoospore shedding/activity rate. 
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It should also be noted that the majority of individuals that formed the recently dead 
group and underwent a full skin extraction were sourced from the laboratory set-up 
described in Chapter Four. There is a chance that the stronger correlation may have 
been a result of individuals being in an unnatural environment, which may have altered 
their skin properties; the humidity and temperature, may have affected the skin 
shedding rates. Despite a significant correlation between the swab and the full digest in 
the dead individuals, due to the variability in the data from both groups and the fact that 
full skin digests were not carried out on the visually healthy category, it is not possible 
to extrapolate this to other swab data obtained. 
 
Another interesting finding pertained to the distribution of Bd throughout the 
cutaneous surfaces of metamorphic animals. Based on histological examination of 
infected skin sections taken from the dorsal and ventral surface of different species, the 
belief is that infection should be concentrated on the ventral surface, especially within 
the pelvic patch, thighs and digits, with often little infection detected elsewhere in the 
body (Berger et al. 1998, 2005b, Pessier et al. 1999). However, histology is only 
performed on a very small skin section, providing a snap-shot of the infected area on the 
whole, and to date no quantitative studies have been carried out to further assess this 
distribution (Berger et al. 2005b). Interestingly, my data indicates that the distribution 
of Bd is relatively consistent throughout the body in both moribund and dead 
individuals (Figure 3.6). It has been suggested that in order to detect infection, the ideal 
areas to swab a metamorphic or adult amphibian are the pelvic patch and hind limbs, 
based on swab data alone (North and Alford 2008). Although my data indicates that the 
distribution of Bd is relatively consistent, it is possible that the areas suggested are 
indeed the most suitable for swabbing; the pelvic patch and hind limbs may expel the 
highest quantity of zoospores as these areas come into contact with moisture more 
often than the rest of the body, which is likely to stimulate the lifecycle of Bd. However, 
although a different family of amphibian, a recent study has shown that swabbing dorsal 
body surfaces were more effective at detecting Bd then ventral surfaces of caecilians 
(Gower et al. 2013).   
 
I have highlighted that fungal load dynamics play an important role in disease induced 
mortality in Alytes at these sites, as has been suggested by many separate studies in 
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recent years (Briggs et al. 2010, Vredenburg et al. 2010, Kinney et al. 2011), but that 
‘Vredenburg’s 10,000 rule’ does not apply to this system. It appears that an average GE 
of around half this (5,000GE) is more commonly associated with mortality, but I do not 
feel confident in inferring an exact threshold of infection associated with increased 
probability of death. I feel confident in inferring that it is possible a high infection 
burden, of >1000GE, is likely to increase the risk of mortality in this system, based on 
swab data. However, the absence of a high burden of infection, as detected by a swab, is 
not necessarily an indication of a healthy state. Physical state should be considered 
carefully, and where possible, a large sample size is highly recommended in order to 
strengthen any conclusions. There was no individual in a moribund or worse state with 
a GE of below 100, and many of the visually healthy individuals exhibited infection 
intensities of this level or below. It is possible that infection intensity below this value, 
as detected by a swab, is less likely to result in that individual suffering mortality. The 
ability of swab data in providing an indication of the true disease process suffered by an 
individual does not appear to be reliable, but my study resulted in some interesting 
findings. The distribution of Bd appears to be more wide-spread than initially assumed, 
with infection appearing at high loads throughout all skin sections of this species. I feel 
the value of swab data is high, especially for the possibility of determining a low, 
medium or high burden of infection, but that the idea that this swab data is 






Chapter 4: Does infection by an aggressive 
lineage of Bd drive population declines of 




Despite the high numbers of amphibian declines and extinctions which have been 
attributed to infection with Batrachochytrium dendrobatidis (Bd), there are an 
increasing number of studies which show that even within a susceptible population, Bd 
is able to persist in some areas and not cause noticeable declines. I assessed whether 
three populations of A. obstetricans affected by lethal chytridiomycosis in the Pyrenees 
National Park are declining or not in the presence of infection, by measuring the 
abundance of Alytes obstetricans over-wintered tadpoles over time. I carried out a 
number of capture mark recapture studies at three focal sites, using visible implant 
elastomer (VIE) as a marker. Here I provide evidence of possible disease induced 
declines in two populations, but an increase in abundance in another. Of the two sites 
exhibiting decline, one is a recently Bd invaded population, which may indicate that the 
declines observed are a result of disease entering a naïve population. In the other, trout 
(Salmo trutta), a known predator of tadpoles, were illegally introduced into the lake in 
2011. I cannot discount either the presence of fish or disease as being a possible cause 
of decline, but it is likely that the additional pressure of predation, on top of the 
presence of disease has resulted in the steady decline in host abundance observed. The 
increase in abundance detected at one site may indicate that Bd is able to persist in an 











The presence of disease in wildlife is a natural phenomenon; indeed endemic parasites 
are believed to contribute directly to biodiversity, and host-parasite interactions can 
drive its increase through the process of speciation (Little 2002, Vale et al. 2008). 
Problems can arise however, when novel causative agents are introduced into naïve 
populations or ecosystems, with sometimes devastating consequences. There is now 
empirical evidence that the appearances of novel or introduced diseases are having 
severe repercussions on wildlife populations, and in many cases have greatly increased 
the risk of extinction. Severe population declines, local extirpation and in some cases 
species extinctions have been noted following the outbreak of facial tumour disease in 
Tasmanian devils (Sarcophilus harrisii) (Lachish et al. 2009), canine distemper virus in 
African wild dogs (Lycaon pictus) (Alexander and Appel 1994), avian malaria in native 
Hawaian birds (Woodworth et al. 2005), white-nosed syndrome in bats, caused by the 
fungus Pseudogymnoascus destructans (Wibbelt et al. 2010) and chytridiomycosis in 
amphibians, caused by the chytrid fungi Batrachochytrium sp. (Houlahan et al. 2000, 
Stuart et al. 2004, Skerratt et al. 2007, Martel et al. 2013).  
 
With the apparent link between emerging diseases and population declines it is 
imperative to investigate the impact of diseases at a population level (Oli et al. 2006), to 
determine exactly when and indeed if an infectious disease is a potential threat to the 
conservation of a species. In order to determine such a threat, and subsequently 
implement proper conservation and management practice, population size estimates 
are vitally important. However, it is uncommon to have data on host abundance before 
and after a disease epidemic (Hochachka and Dhondt 2000), and it is therefore difficult 
to isolate one factor as the cause of any decline in host abundance. Furthermore, 
detecting an unusual change in abundance can be problematic as many populations 
demonstrate different natural trajectories. For example, long term records show that 
some wildlife population sizes remain relatively constant over time, with any 
fluctuations staying within certain limits (Cramp 1972), but others can fluctuate 
considerably with no evidence of an equilibrium population size (Sinclair et al. 2006a). 
Many other factors can influence this equilibrium in population size, such as food 
availability (Furness 2002, Oro et al. 2004), predation (Holt 1977, Menge and 
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Sutherland 1987, Sinclair et al. 2006b) and climatic factors (Forchhammer et al. 1998, 
Wilmers et al. 2006, Poloczanska and Hawkins 2008). Although such factors affecting 
population size may work in combination, much evidence suggests that the introduction 
of an emerging infectious disease into a population of susceptible hosts can cause a 
sudden, sharp decline in abundance, often with no sign of short-term demographic 
recovery. This unusual, sudden decline of host abundance has been noted as a 
consequence of the presence of a number of amphibian diseases, as was seen with the 
rapid decline of UK common frogs following the introduction of ranavius (Teacher et al. 
2010), and the rapid decline of both midwife toads (Alytes obstetricans) in Europe and 
mountain yellow-legged frogs (Rana muscosa) in the USA following the introduction of 
Batrachochytrium dendrobatidis (Bosch et al. 2001, Woodhams et al. 2007).  
 
Batrachochytrium dendrobatidis (Bd) is a pathogen causing severe declines and 
extinction across the globe (Bosch et al. 2001, Stuart et al. 2004, Vredenburg et al. 2010, 
Rosa et al. 2013). Despite the high numbers of known sudden declines and extinctions 
there are an increasing number of studies which show that even within a susceptible 
population, Bd can persist in some areas and not cause extinction, or even noticeable 
declines. For instance, the results of a six year capture-mark-recapture study of Boreal 
toads (Bufo boreas boreas) suggested that although Bd infected toads were less likely to 
survive than uninfected toads, the increased mortality rate was not sufficient to cause a 
substantial decline (Pilliod et al. 2010). Furthermore, small isolated populations of the 
Eungella Torrent Frog (Taudactylus eungellensis), a species which suffered major die-
offs believed to be due to chytridiomycosis (Muths et al. 2003, Scherer and Muths 
2005), appear to have stabilised and be persisting with Bd in an endemic state (Retallick 
et al. 2004). A similar outcome has been observed where populations of infected A. 
obstetricans in Switzerland appear to show no evidence of decline, despite the presence 
of disease (Tobler et al. 2012). Considering the gravity commonly associated with 
infection with Bd, but the extreme differences in response to infection (even among 
populations of a susceptible species), the need for robust studies which examine 





Obtaining accurate population abundance estimates for wildlife is difficult, particularly 
for rare, cryptic or elusive species (Bellemain et al. 2005). Four general approaches are 
used to estimate the abundance of a population; total counts, incomplete counts, 
indirect counts and capture-mark-recapture (CMR) methods (Sinclair et al. 2006a). CMR 
studies were initially the preferred method for estimating the abundance of many fish 
and game species, but are now used successfully for many taxa (Vargas et al. 2005, 
Morellet et al. 2007, Pellet et al. 2012). This method is considered to be the most 
accurate for estimating amphibian abundance and has been effectively implemented to 
assess abundance of a number of different amphibian species (Scribner et al. 2001, Jung 
et al. 2002, Reading 2007, Pope 2008, Pilliod et al. 2010). The simplest form that a CMR 
study takes involves two capture occasions; animals are caught, given a noticeable mark 
and released back into the population. They are then re-caught at a later date and the 
number of previously marked individuals is noted along with the number of new 
animals caught. Assuming that the number of recaptured individuals is proportional to 
the number marked in the whole population, this technique allows one to infer the 
population size by comparing the ratio of marked to unmarked individuals (Chao and 
Huggings 2005).  
 
Bd-positive populations of A. obstetricans affected by lethal chytridiomycosis in the 
Pyrenees National Park appear to be exhibiting diverse responses to infection. Some 
sites, such as lac Lhurs appear to be experiencing high metamorphic mortality whereas 
others, such as lac Ansabere, do not. An initial step in determining whether disease is 
affecting overall abundance would be to accurately monitor population size over time. 
Some life stages of A. obstetricans, such as the juvenile and adult stages, are notoriously 
elusive. Although many previous CMR studies have focused on the adult life-stage of 
amphibians, it is difficult to ascertain counts of adult A. obstetricans within these 
montane ecosystems due to their cryptic lifestyle. I believe the over-wintered larval 
(tadpole) stage would represent a good life stage choice for estimating the abundance of 
the population over time for the following reasons: This life stage is present in a closed 
population for much of the summer and is a good indication of breeding input over time, 
which is itself a good indicator of the breeding adult population size. In addition, over-
wintered tadpoles are relatively easy to sample, especially on sunny days when they are 
found basking in the shallows of the lakes. Options for marking amphibian larvae 
 66 
 
include immersing the animals in a neutral dye, cutting a notch in the tail or injecting 
animals with a visible polymer known as Visible Implant Elastomer (VIE) (Herreid and 
Kinney 1966, Shaffer et al. 1994, Govindarajulu and Anholt 2006). Of the three, VIE  
appears to be the most effective form of marking (Anholt et al. 1998, Grant 2008), with 
mark retention close to 100% if implemented correctly (Govindarajulu and Anholt 
2006). However, this method has not been tested on a large scale in the wild and to my 
knowledge has not been used to monitor population abundance over time in tadpoles.  
 
In this chapter I aimed to determine the following:  
i) Whether CMR using VIE is a viable method for estimating abundance of this life stage 
in this system.  
ii) To assess the abundance of over-wintered larvae over time in three study lakes: lac 
Ansabere, lac Lhurs and lac Puits.   
iii) To assess the prevalence and intensity of infection with Bd in over-wintered larvae 
over time, and to assess whether any patterns between abundance and strength of 




Material and Methods 
 
Pilot study to evaluate the effectiveness of VIE 
To assess the retention of VIE marks and the overall survivorship in over-wintered A. 
obstetricans tadpoles, a small pilot study was conducted in 2009 at the Institute of 
Zoology prior to implementing this method in a field environment. A number of A. 
obstetricans had been obtained for experimental purposes unrelated to this thesis, under 
the supervision of Dr Trenton Garner. A total of 30 individuals were used for the pilot 
study. Initial training on how to administer VIE was provided by Dr Gerardo García of 
Durrell Wildlife Conservation Trust. VIE comes in two parts (a curing agent and the 
colorant); these were mixed together at a ratio of 1:1 and added to a U-100 syringe with 
a 28 gauge needle. The syringe was placed into a syringe holder to allow more accurate 
injecting. Each tadpole was given two VIE marks subcutaneously on the dorsal surface, 
making sure the needle entered the skin close to where the tail fin attaches to the body, 
as recommended by Anholt et al. (1998). Following marking, all tadpoles were kept in a 
large (710 x 440 x 380mm) plastic tub for three weeks and monitored. Each individual 
was visually assessed daily to ensure normal behaviour was exhibited, and to ensure 
that both marks were visible with no apparent loss of all or part of either mark. Normal 
behaviour was assumed if tadpoles appeared to be feeding and swimming well and if 
each individual maintained a healthy weight. Half water changes were conducted twice a 
week, using aged water and food (TetraTabin) was provided three-four times a week. At 
each water change, each individual was inspected more closely to check the positioning 
of each mark and to look for any sign of infection.  
 
Capture-mark-recapture  
CMR was focused on three study sites; lac Ansabere, lac Puits and lac Lhurs, full details 
of which can be found in Chapter One. Each lake was visited at least once a week 
throughout the study season. During each visit I walked around the lake and noted the 
distribution of tadpoles on a given day. This distribution appeared consistent over time 
and therefore I was able to focus capture effort on areas which consistently contained 
the highest abundance of tadpoles. I carried out three capture occasions per lake per 
year, with 2-3 days between capture occasions (weather permitting). The three capture 
occasions included two catching, counting and marking sessions, followed by one 
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catching and counting session, with no marking. Sampling was conducted using hand-
held nets in the shallows of the water at points around the lake where the greatest 
number of over-wintered tadpoles were visible. All tadpoles were then stored in the lake 
in large extendable nets until marking could take place (Figure 4.1). A capture occasion 
was defined as a set period of time where as many tadpoles as possible were caught. The 
time allocated for each capture occasion varied amongst lakes depending on the size of 
the lake, but was standardised within a single lake. Myself and fieldwork assistants 
spent six hours on each capture occasion at Lhurs and four at both Ansabere and Puits. 
Time was measured in ‘people hours’, for example three people catching at Lhurs would 
catch for two hours each, totalling six hours capture effort.     
 
On the first two capture occasions, batch marks were given to all captured tadpoles 
using VIE, with a different colour applied on each visit. VIE was prepared as described in 
the pilot study. Whilst wearing disposable gloves, a small line of VIE was injected on the 
dorsal surface of each tadpole (Figure 4.2). The needle was changed after marking 
approximately 15 to 20 tadpoles. On the third capture occasion individuals were 
counted, but given no further marks. On each capture occasion I noted down how many 
individuals had one, two or no previous marks and what colour these marks were. I 
used this information to determine the capture history for each animal, denoted in a 
series of 1’s and 0’s; a 1 indicating that the animal was encountered and a 0 indicating 
that it was not encountered. For example, the sequence ‘101’ shows the animal was 
encountered on the first capture occasion, not encountered on the second, but 
recaptured again on the third occasion. With a three capture study there are seven 
possible capture histories: 100; 110; 111; 011; 001; 010; 101. At lac Puits I was unable 
to carry out CMR in 2010 and 2011 as the population appeared to have declined rapidly 
and those tadpoles caught were weak and lethargic, with two suffering mortality post 
examination. I felt that the additional stress of VIE marking may have had a negative 
impact on the survival of marked animals, considering their physical condition. 
Therefore, for these years the catch rate was calculated, and compared to the catch rate 
from years where CMR was undertaken. The catch rate was derived by dividing the total 





Figure 4.1: Dip-netting over-wintered tadpoles at lac Puits, using a small hand-held net and 




Figure 4.2: Marking of an over-wintered A. obstetricans tadpole, using Visible Implant 
Elastomer. VIE was injected subcutaneously on the dorsal aspect of each tadpole.  
 
Sampling for prevalence and intensity of Bd infection 
In order to assess the prevalence and intensity of infection of the over-wintered 
tadpoles at each site I used the standard swab/ quantitative PCR (qPCR) procedure. I 
sampled tadpoles during the third capture occasion of CMR, before they were released 
back into the lake. Wearing disposable gloves, I brushed sterile cotton swabs (MWE 
medical wire) over the mouthparts of at least 30 individuals (when possible), 10 turns 
of the swab per individual, per lake, per year. I stored all swabs at 4°C until processing 
could take place. I extracted swab samples using the bead beating protocol and assessed 
 70 
 
the presence/absence of Bd-DNA of swabs by qPCR, following the protocol of (Boyle et 
al. 2004). Please refer to Chapter Two for full details of extraction and qPCR methods.  
 
Analysis of CMR data 
The programme MARK is the most widely used application for parameter estimation 
using data from marked individuals (Cooch and White 2010). Within MARK two 
standard types of model exist to analyse CMR data; open or closed. An open model is 
used when one expects immigration or emigration of the study species over the 
duration of the study period (Lebreton and Burnham 1992), but the more robust of the 
two is a closed model, which can only be justified if zero net migration occurs (Kendall 
et al. 1997). For a population to be closed the population size should be constant over 
the study period (i.e. no birth or death), thus survival probability is 100% with no 
movement on or off the study area (White 2007), consequently, survival probability is 
not estimated in a closed system. Further model assumptions are i) that marks are not 
lost or overlooked and ii) that all individuals are equally likely to be captured, or capture 
probabilities are appropriately modelled. I assumed populations from all three lakes to 
be closed for four reasons: i) Each study period was of a short duration, over a 
maximum of 14 days; ii) The life stage chosen was the over-wintered tadpole, and 
survival rate in this species at this stage is high (Jaime Bosch. personal communication), 
especially over such a short period of time; iii) The over-wintered tadpole can be easily 
distinguished from a new tadpole (a young of the year), so any new births over the 
study period are not misinterpreted as over-wintered tadpoles; iv) the timing of the 
CMR study was chosen to ensure it would not coincide with metamorphosis (i.e. 
individuals leaving the lake); therefore emigration from the population was not present.  
In MARK there are currently 12 closed population models to choose from, which are 
divided into two main types: either those with abundance in the likelihood (Otis et al. 
1978) or those with abundance conditioned out of the likelihood (Huggins 1989). The 
main advantage of the Huggins (1989) approach is that you can model (re)capture 
probabilities as a function of individual covariates, for example if you possess data on an 
individual’s sex, disease status or size, you could indicate whether that individual was 
more or less likely to be (re)recaptured, however N (abundance) has to be derived from 
p (capture probability). The Otis approach is statistically more robust as N is kept in the 
likelihood. Considering I have no individual covariates to model, all the analysis in this 
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chapter used models from the first group, designed by Otis et al. (1978). I chose the 
model ‘closed captures with heterogeneity’ to analyse all data. In addition to estimating 
the capture rate, the re-capture rate and the abundance, this model allows for the 
possibility of heterogeneity within the lake, i.e. any possible movements of the tadpoles 
during a specific catch occasion. I assumed two underlying groups for heterogeneity 
models, which is the default setting in MARK.  
 
The parameters of this model include:  
i) p, the probability of first capture (make time and/or heterogeneity group-specific) 
ii) c, the probability of re-capture (make time and/or heterogeneity group-specific) 
iii) pi, the probability of mixing (proportional share of the population between 
groups) 
iv) N, the abundance.   
 
I fitted seven different models to the data: 1) M0: capture and recapture probability are 
equal and constant, with no time or heterogeneity effects; 2) Mt: a time response, i.e. 
catch probability varies over the three capture events, but no difference is seen between 
those which are captured for the first time and those which have been captured 
previously, and no heterogeneity effect is assessed; 3) Mb: a behavioural response, i.e. 
tadpoles are more/less likely to be caught on a re-capture event if they have been 
previously caught. No overall time effect or heterogeneity effects are assessed; 4) Mh: 
heterogeneity effect, i.e. there is a difference between the catch probability of two 
groups, perhaps due to uneven distribution of tadpoles in the lake. Time and behaviour 
are not assessed; 5) Mt+b: an additive effect of time and behaviour; 6) Mt+h: an additive 
effect of time and heterogeneity; 7) Mh+b: an additive effect of heterogeneity and 
behaviour. I chose the model which best fit the data based on its sample-size adjusted 
Akaike Information Criterion (AICc), where the lower the number the better the model 
(Burnham and Anderson 2002), but also checked whether the outcome of each model 
converged on believable outcomes.  
 
Analysis of swab data  
I carried out all statistical analyses of swab data using the statistical package ‘R’, version 
3.0.0 (R Core Team 2013). Fisher’s Exact Tests were used to compare the prevalence of 
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infection detected in A. obstetricans over-wintered tadpoles within a lake, among years. I 
used negative binomial regression models to assess the differences in GE among years 
by lake, as described in detail in my methods chapter, (Chapter Two), and likelihood 
ratio tests were used to assess the overall model significance. Where no significant 
differences occurred between years, those years were combined into single factor levels, 







Results from pilot study 
Both survival and mark retention was 100% over the three week period, despite three 
individuals suffering small injuries as a result of marking. One suffered a 1cm tear in the 
skin and two appeared to have small sections of gut protruding from the puncture site. 
These three tadpoles made a full recovery over the three week period, and the VIE 
marks were still in place and visible by the end of the study. All tadpoles begun to 
exhibit normal behaviour within 24 hours following marking, and all maintained a 
healthy weight throughout the three week period. No infection was visible on any 
individual, including those which suffered minor injuries. Considering these results, I 
felt confident that the implementation of VIE marks would not cause increased 
mortality, providing the tadpoles were in a healthy condition at the time of marking, and 
that mark retention rate would be high.  
 
Model choice and abundance of over-wintered tadpoles 
The use of VIE in this system was successful and an estimate of abundance of over-
wintered tadpoles was gained for lac Ansabere from 2009 to 2013; lac Lhurs from 2010 
to 2013 and lac Puits in 2009, 2012 and 2013. Analysis of the capture history data by 
MARK revealed that all of the additive models failed to converge on believable 
outcomes, i.e. they either failed to estimate one or more of the capture parameters or 
the abundance, often providing an estimate of one/both without standard error or 
confidence intervals. In light of this, all additive models were removed from the list of 
possible model choices to allow the most feasible and realistic model to be assessed. 
Following removal of any unrealistic models, model choice across all years and all 
populations was clear as the AICc values for each top model was consistently greater 
than the next model in the list, with very little evidence of an alternative model 
explaining the data (Appendix three). Overall, the time response model proved to be the 
model of choice, with the behavioural response model proving better in Puits in 2009 
and in Ansabere in 2011.  
 
For a more accurate estimate of abundance, it is recommended that the capture rate (p) 
is at least 30% on each capture occasion (Chao and Huggings 2005). In lac Ansabere and 
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lac Puits the capture rate was often close to or above this rate, but this rate did vary and 
occasionally dropped below 30% (Tables 4.1 and 4.3). In lac Lhurs the capture rate was 
often below 30% (Table 4.2), which resulted in an increase in the standard error of the 
abundance. However, comparisons between years were still possible due to a lack of 
overlap in the 95% confidence intervals across all years in all lakes. In both lac Ansabere 
and lac Lhurs an overall decrease in abundance over time was apparent (Figures 4.3 and 
4.4). The abundance in lac Puits was low in 2009, and increased dramatically in 2012-
2013 (Figure 4.5).  Further, a comparison of the capture rate among years revealed far 
fewer over-wintered tadpoles were caught in 2010 and 2011, than in any other year 
(Table 4.4; Figure 4.6). 
 
Prevalence and intensity of infection 
The prevalence of Bd infection detected in A. obstetricans larvae was at or close to 100% 
throughout 2009 to 2012 in Ansabere and Puits (Table 4.5). In Lhurs the prevalence of 
infection was significantly lower in 2009 compared to any other year (Fisher’s exact p 
<0.001), and was significantly lower in 2012 compared to either 2010 or 2011 (Fisher’s 
exact p=0.01). The intensity of infection varied over the years in each lake (Figure 4.7). 
Year was a significant predictor of infection intensity in all three lakes (Ansabere: Chi-
sq. = 56, df =3, p<0.001; Lhurs: Chi-sq. = 21, df =3, p<0.001; Puits: Chi-sq. = 21, df =3, 
p<0.001). Results from simplified negative binomial regression models revealed that the 
infection intensity was significantly higher in 2010, 2011 and 2012 when compared to 
2009 in both Lhurs (z = 5.754, df = 1, p <0.001) and Puits (z = 5.594, df = 1, p <0.001). In 
Ansabere the infection intensity was significantly higher in 2010 and 2011 compared to 
in 2009 or 2012 (z = 8.156, df = 1, p<0.001). In both Ansabere and Lhurs, infection 
intensity appeared to follow a similar trend to the population estimate gained in the 
years 2009 (2010 for Lhurs) to 2012, but no pattern was apparent in Puits (Figures 4.3 











Table 4.1: provides details of the parameter estimates for the model of choice for lac Ansabere 
from 2009 to 2013. The table shows the capture probability as a percentage for: P (a capture 
event) and/or C (a re-capture event), and the estimate for N, the abundance. The standard error 
of each estimate is shown with the upper and lower 95% confidence intervals (CI). The 
estimated abundance for each year is shown in bold.    
 
Year Parameter Estimate Standard Error Lower Upper 
2009 
Mt 
P1 0.13 0.015 0.10 0.16 
P2 0.35 0.026 0.30 0.40 
 P3 0.48 0.030 0.42 0.54 
N 583 27.334 537 645 
2010 
Mt 
P1 0.48 0.014 0.45 0.50 
P2 0.47 0.014 0.44 0.49 
 P3 0.64 0.015 0.61 0.67 
N 1436 16.328 1407 1471 
2011 
Mb 
P 0.36 0.032 0.30 0.43 
C 0.50 0.017 0.47 0.54 
 N 879 49.641 801 999 
2012 
Mt 
P1 0.20 0.025 0.16 0.26 
P2 0.27 0.031 0.22 0.34 
 P3 0.20 0.026 0.16 0.26 
N 481 41.319 414 578 
2013 
Mt 
P1 0.28 0.069 0.16 0.42 
P2 0.39 0.077 0.25 0.54 
 P3 0.55 0.088 0.38 0.71 
N 55 5.631 48 72 
 
Figure 4.3: Estimates of abundance (Pop.) and mean infection intensity (GE) of over-wintered 
tadpoles in lac Ansabere from 2009 to 2013 (2012 for GE). Population abundance estimates are 


























































Table 4.2: provides details of the parameter estimates for the model of choice for lac Lhurs 
from 2010 to 2013. The table shows the capture probability as a percentage for: P (a capture 
event) and/or C (a re-capture event), and the estimate for N, the abundance. The standard error 
of each estimate is shown with the upper and lower 95% confidence intervals (CI). The 
estimated abundance for each year is shown in bold.    
 
Year Parameter Estimate Standard Error Lower Upper 
2010 
Mt 
P1 0.08 0.005 0.07 0.09 
P2 0.08 0.005 0.07 0.09 
 P3 0.11 0.007 0.10 0.13 
N 9797 578.693 8747 11020 
2011 
Mt 
P1 0.12 0.011 0.10 0.15 
P2 0.06 0.006 0.05 0.07 
 P3 0.08 0.008 0.07 0.10 
N 5334 441.164 4557 6295 
2012 
Mt 
P1 0.25 0.011 0.22 0.27 
P2 0.23 0.011 0.21 0.25 
 P3 0.22 0.011 0.20 0.24 
N 2897 97.949 2719 3104 
2013 
Mt 
P1 0.10 0.009 0.09 0.12 
P2 0.27 0.017 0.24 0.30 
 P3 0.21 0.014 0.18 0.24 
N 1869 101.382 1690 2089 
 
 
Figure 4.4: Estimates of population abundance (Pop.) and mean infection intensity (GE) of 
over-wintered tadpoles in lac Lhurs from 2010 to 2013 (2012 for GE). Population abundance 




















































Table 4.3: provides details of the parameter estimates for the model of choice for lac Puits for 
2009, 2012 and 2013. The table shows the capture probability as a percentage for: P (a capture 
event) and/or C (a re-capture event), and the estimate for N, the abundance. The standard error 
of each estimate is shown with the upper and lower 95% confidence intervals (CI). The 
estimated abundance for each year is shown in bold.    
 
Year Parameter Estimate Standard Error Lower Upper 
2009 
Mb 
P 0.59 0.051 0.49 0.69 
C 0.22 0.028 0.17 0.28 
 N 148 5.259 143 165 
2012 
Mt 
P1 0.27 0.033 0.21 0.34 
P2 0.29 0.035 0.23 0.37 
 P3 0.18 0.026 0.14 0.24 
N 355 30.686 306 429 
2013 
Mt 
P1 0.23 0.020 0.20 0.28 
P2 0.31 0.024 0.27 0.36 
 P3 0.22 0.019 0.18 0.26 
N 786 45.269 708 887 
 
 
Figure 4.5: Estimates of population abundance (Pop.) and mean infection intensity (GE) of 
over-wintered tadpoles in lac Puits for 2009, 2012 and 2013 (Pop.) and 2009 to 2012 (GE).  
Population abundance estimates are shown with the 95% lower and upper confidence intervals. 
 
 


























































Table 4.4: provides details of the total number of over-wintered tadpoles caught over all 
capture occasions per year (3 occasions for 2009, 2012 and 2013; one capture occasion for 
2010 and 2011) at lac Puits, and the catch rate per year (total catch/ person hour search time).   
 




2009 228 19 
2010 20 5 
2011 6 1.5 
2012 308 25.7 
2013 588 49 
 
 
Figure 4.6: Estimates of catch rate (total tadpole catch/ person hour search time) of over-

























Table 4.5: Summary statistics for the sample prevalence and intensity of infection with B. 
dendrobatidis in A. obstetricans over-wintered larvae, for the period 2009-2012 in three lakes 
(Ansabere, Lhurs and Puits). The prevalence of infection is shown with 95 % Sterne’s Exact 
Confidence Intervals (S-CI). The mean intensity of infection (GE) is shown together with +/-1SE. 
NI/SS =number infected, out of ‘n’ sample size.  
 
Lake Year NI/SS Prevalence(S-CI) GE +/- 1 SE 
 2009 31/31 1.00 (0.89  to 1.00)    61 +/-  13 
Ansabere 2010 30/30 1.00 (0.89  to 1.00)  399 +/-  51 
 2011 30/30 1.00 (0.89  to 1.00)  230 +/-  50 
 2012 30/30 1.00 (0.89  to 1.00)     72 +/-  12 
 2009   5/30 0.17 (0.07  to 0.35)      6 +/-  1 
Lhurs 2010 25/25 1.00 (0.87  to 1.00)  208 +/-  47 
 2011 28/30 0.93 (0.79  to 0.99)  194 +/-  28 
 2012 23/30 0.77 (0.58  to 0.89)    95 +/-  27 
 2009 46/47 0.98 (0.90  to 1.00)    67 +/-  11 
Puits 2010 20/20 1.00 (0.83  to 1.00)  161 +/-  38 
 2011   6/6 1.00 (0.59  to 1.00)  549 +/- 138 

































Figure 4.7: Boxplot showing the intensity of infection (GE) detected in swabs taken from over-
wintered A. obstetricans tadpoles in A) lac Ansabere, B) lac Lhurs and C) lac Puits over the 
years 2009 to 2012. Values have been log transformed and box plots display the median Log 
(GE) (horizontal black line), 25th and 75th percentiles (grey boxes), 10th and 90th percentiles 









Among the three lakes examined we appear to be witnessing different population 
trajectories, in terms of changes in the abundance of over-wintered A. obstetricans 
tadpoles over time. Both lac Lhurs and lac Ansabere appear to be exhibiting a decline in 
abundance, whereas an increase in abundance has been noted at lac Puits. A decrease in 
the abundance of over-wintered tadpoles is not necessarily a direct indication of 
disease-induced decline; however, it may give us an indication of any changes in the 
overall breeding input. If mortality is high in the metamorphic stage as a result of 
disease, there will be fewer individuals available to contribute to the breeding pool, and 
therefore fewer tadpoles present in the lake post breeding. The average life-span of A. 
obstetricans is around five years from metamorphosis, and they reach sexual maturity in 
their second year (Márquez 1993), considering this it is therefore possible that a decline 
in the number of tadpoles could be seen within two to three years after the introduction 
of disease. There is also the possibility that the disease can directly affect the breeding 
adults visiting the lake, which could affect breeding input within two years. 
Unfortunately I was unable to assess the infection status or mortality rate of adult A. 
obstetricans, due to the difficulties of sampling this life stage.  
 
Lac Ansabere and lac Puits were first sampled in 2005 and 2006, respectively. During 
these sampling occasions Bd was detected in A. obstetricans metamorphs at a 
prevalence of 100% (Walker 2008). Over-wintered tadpoles were not routinely 
sampled, but one would assume a high prevalence, in concurrence with the 
metamorphic stage. As Bd was detected at first sampling, I do not know when the 
parasite may have been introduced into these two lakes.  Lac Lhurs has been routinely 
sampled since 2007 (Walker 2008), and remained negative until 2009, at which point 
Bd was detected for the first time at a prevalence of 17%, rising to 100% the following 
year. This lake therefore makes for an interesting comparison with regards to the 
possible changes in abundance in long-term infected sites versus a recently infected site.  
 
In lac Lhurs, CMR began in 2010, a year after the disease was first detected. Analysis of 
these data has revealed that the estimated abundance of over-wintered tadpoles has 
decreased five-fold over the last four years, from an estimate of around 10,000 
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individuals in 2010 to around 2,000 in 2013. Due to the large population size, the 
accuracy of these estimates is not optimal; the capture rate in the first few years was 
only around 10%, with an increase in the latter two years to around 20%, possibly due 
to a decrease in the overall population. However, an obvious trend is still visible as 
there is still a clear separation of the 95% upper and lower CI of each estimate year by 
year. Although I have no estimates of abundance for the years preceding Bd infection, 
visits to this lake have been made routinely since 2007 and it was noted that over the 
first few years of sampling (2007 and 2008), the population appeared much greater 
than it has done post 2009 (Matthew Fisher; Jaime Bosch. personal observation).  
 
When Bd first invades a susceptible population of amphibians the consequences of such 
epidemics are often catastrophic. Severe declines have been seen following invasion of 
Bd in a number of different species and systems, and in some cases this had led to local 
extinctions, as was observed with the extirpation of hundreds of local populations of R. 
mucosa in the Sierra Nevada (Rachowicz et al. 2006) and the disappearance of A. 
obstetricans from 86% of the ponds they were known to previously inhabit in central 
Spain (Bosch et al. 2001).  In addition to the decline in abundance, post-metamorphic 
mortality has been noted at lac Lhurs since the introduction of disease (Chapter Five); 
taking this into account and considering previous studies, it is likely that the 
introduction of Bd into this naïve population is responsible for the decline observed in 
the abundance of over-wintered tadpoles. 
 
In 2009, at the time of initial Bd detection in lac Lhurs, both prevalence and intensity of 
infection were low. By 2010 both the prevalence and intensity of infection had 
increased significantly, indeed this year saw the highest recorded values for both. 
However, a decrease in both was detected from 2011 to 2012. This observed trend 
could be an indication of density-dependent transmission, where a decrease in the 
overall abundance of infected individuals in an area means a decreased chance of an 
uninfected individual encountering an infected individual, which in turn can lower 
prevalence and force of infection (Begon et al. 2002) However, information on the 
transmission of Bd within susceptible populations of amphibians provides little 
evidence of a purely density-dependent transmission mode (McCallum et al. 2001, 
Kilpatrick et al. 2010). Further, transmission is not solely via direct contact (Rachowicz 
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and Briggs 2007); individuals are able to acquire infection by encountering the free-
living zoospore stage of Bd in the water. A reduction in the number of over-wintered 
tadpoles over time may result in a lower number of infectious Bd zoospores in the 
environment, and therefore not only would direct contact decrease, but also the chance 
of an uninfected individual coming into contact with an infectious zoospore in the water 
column. Walker et al. (2007) described a method which was used to detect Bd within a 
water body. Although not implemented here, this method could be applied in the future 
to determine whether Bd zoospore density does indeed decline with decreasing tadpole 
density.   
 
A steady decrease in abundance of over-wintered tadpoles was also detected in lac 
Ansabere from 2010 to 2013, although abundance was also relatively low in 2009 at 
first sampling. As with lac Lhurs, there is a chance this decline could, at least in part, be 
due to the presence of Bd infection; however, I have no accurate or observational data 
on population abundance prior to Bd infection. There is a possibility that the 
observations on abundance noted are a small section of a cyclical trend, but I would 
need a longer-term data set to determine this. I noted that brown trout (Salmo trutta) 
had been illegally introduced into this lake in 2011. The trout appeared to thrive in the 
lake environment, and by 2013 I counted at least 30 trout of over 20cm long, which 
dominated this small lake. Trout are known to prey upon amphibian tadpoles and 
during the last century one of the best-documented causes of the decline in many 
amphibian populations was the introduction of non- native trout into montane areas, 
for recreational fishing (Bradford 1989, Knapp and Matthews 2000, Vredenburg 2004, 
Knapp et al. 2007). I cannot discount either the presence of fish or disease as being a 
possible cause of decline, however, over 50% of the tadpoles caught in 2013 had 
evidence of bite marks on their tails. It is likely that the additional pressure of predation, 
on top of the presence of disease has resulted in the steady decline in host abundance 
observed. Without intervention (i.e. removal of fish) it is possible this population of A. 
obstetricans may become extinct in the near future, especially if the fish continue to 
thrive.  
 
The prevalence of infection detected in this life-stage over the years at lac Ansabere 
remained at 100%, but the intensity of infection appeared to follow the changes in 
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abundance, as was noted in lac Lhurs, which again is a possible indication of density-
dependent transmission. However, an alternative suggestion is that the changes in the 
intensity of infection are an indication of changes in the host response to infection. It 
might be that populations have begun to adapt to the presence of disease over time, and 
those which remain have built up some level of resistance to Bd, resulting in a decreased 
overall intensity of infection. It may have been possible to follow up this theory with 
continued monitoring of this population, however with the added pressure of trout 
predation it is unlikely the population will persist long enough. The removal of the 
illegally introduced trout from this lake by the Pyrenees National Park is in my opinion 
vitally important.   
 
Contrary to the decline in abundance detected in lac Lhurs and Ansabere, I have noted a 
dramatic increase in abundance in lac Puits. An initial estimate was gained in 2009, but 
by 2010 the population appeared to have declined. A total of 20 over-wintered tadpoles 
were caught, but those which were caught appeared weak and lethargic and following 
examination two individuals suffered mortality. Bd is not known to cause any ill-effects 
to the majority of larval stages of anurans (Berger et al. 1998, Bradley et al. 2002, Briggs 
et al. 2005), therefore although Bd was detected in these individuals it was not assumed 
to be the cause of ill health in this life-stage. Due to the ill-health of tadpoles it was 
decided not to proceed with CMR. By 2011 the individuals caught appeared healthy but 
so few were found (six individuals) it was again decided not to proceed with CMR. By 
2012 the population had increased and appeared healthy and so CMR was resumed; by 
2013 the abundance had reached the highest recorded in this lake to date. Whether or 
not the initial decline was as a direct result of Bd infection or not, the increase in 
abundance of over-wintered tadpoles over time, despite the presence of Bd, provides 
some evidence that this population is able to not only persist in the presence of 
infection, but seemingly to flourish.  
 
An endemic Bd state has been observed in some populations; Briggs et al. 2010 
demonstrated that following an initial decline, populations of R. muscosa still persisted 
at a lower host density, although those which did persist had low fungal loads. In 
Switzerland, the presence of Bd appeared to have no negative affect on population 
growth rates, although similarly, those tested appeared to have low fungal loads (Tobler 
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et al. 2012).  To my knowledge, this is the first study to show an increase in abundance 
over time in a Bd positive population of such a highly susceptible amphibian. Such a 
dramatic increase in abundance over such a short time period is difficult to explain, but 
it is likely that an increase in recruitment occurred. To detect so few individuals (20 or 
less) to hundreds, in the space of two years would indicate that the number of breeding 
adults is likely to have increased dramatically for some reason in the year or so 
preceding the increase in abundance of over-wintered tadpoles. It is possible that the 
initial decline seen in lac Puits was an early response to Bd invasion, as I have noted in 
lac Lhurs. If so, it may be positive news for the population in lac Lhurs, as without any 
additional added pressures there is a chance that this population may recover over 
time, despite the initial decline. There appeared to be no relationship between changes 
in abundance and the prevalence or intensity of infection detected, contrary to the 
patterns observed in both lac Lhurs and lac Ansabere. Prevalence remained high 
throughout the sampling period and infection intensity appeared to increase with 
decreasing abundance, although there was no statistical difference in intensity of 
infection among 2010 to 2013.  
 
These apparently heterogeneous responses to infection by Bd, in terms of changes in 
abundance and the variation in both prevalence and intensity of infection may be due to 
immunological and/or evolutionary changes in the host and/or the pathogen over time. 
However, the time-scale discussed here is possibly too short to observe evolutionary 
changes in the amphibian host. In terms of the host response to infection, there is some 
evidence for the presence of adaptive immunity to Bd (Ramsey et al. 2010, Murphy et al. 
2011) although data is scarce and sometimes contradictory (Rollins-Smith 2009; Stice 
and Briggs 2010; Cashins et al. 2013). More evidence exists to show differences in the 
innate immunity, such as differences in skin antimicrobial peptides, which can 
contribute to variation in the outcome of infection among hosts (Rollins-Smith et al. 
2002; Woodhams et al. 2006; Woodhams et al. 2007b; Conlon 2011). Further, the 
presence of inflammation and white blood cells such as neutrophils and macrophages 
can be produced following Bd invasion into frog skin cells (Nichols et al. 2001; Berger et 




I have no current data on the host immune responses following Bd invasion in these 
populations of A. obstetricans, but it is possible that such responses are present and may 
vary among populations, or even within populations. This is an area of research that 
would be interesting to explore in the future. It is also possible that pathogen evolution 
is occurring over time, as recent research has indicated that Bd is able to rapidly evolve 
over time, especially through the accumulation of macromutations such as 
chromosomal aneuploidies (Farrer et al. 2013). The time-scale over which this study 
has been based on is small, but I believe it has given us valuable insight into the 
responses to infection with Bd at these sites, in terms of population abundance. The 
following years will provide extra data to hopefully allow us to assess whether we are 
seeing a cyclical pattern in abundance or not, and whether the other populations are 
able to recover in a way in which I have observed at lac Puits. 
 
Although the use of capture mark recapture, using VIE as a tool to estimate the 
abundance of over-wintered tadpoles in this system was successful, the people hours 
required to allow a more accurate estimate would need to be increased if sampling 
larger water bodies, such as lac Lhurs. Lac Lhurs is 1.5 hectares, which is a much greater 
area than either lac Ansabere or lac Puits, both of which have an area of 0.2 hectares. A 
great deal of sampling effort would be required in a lake of this size in order to maintain 
a capture rate of >30% and therefore increase the accuracy of the abundance estimate. 
For all lakes and years, the failure of all the additive models in MARK to produce 
realistic results was unsurprising considering the limited data obtained in only three 
capture occasions. If one wanted to understand the data to a greater detail, one would 
need to increase the number of capture occasions per site. It is possible that the more 
complex processes are operating within these systems, but it is not possible to detect 
them with the available data. However, increasing the number of capture occasions 
would increase the overall length of the study period and therefore the use of a robust, 
closed model may not be appropriate. It may also not be appropriate to continue to add 
marks to the larvae; some larvae caught in the second year of CMR still had marks 
retained from the first year. This does however show impressive long term mark 
retention.   
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Chapter 5: Estimates of mortality rates in 
three naturally Bd positive populations of 
Alytes obstetricans  
 
Abstract 
Chytridiomycosis, caused by the fungal pathogen Batrachochytrium dendrobatidis (Bd), 
is an infectious disease which has contributed to global declines and extinctions of 
amphibians. Although we know that infection can and does cause mortality in many 
species and populations, there is, at present, little empirical research which attempts to 
quantify mortality, rather than merely describing the presence/absence of death. 
Understanding if and when infection causes changes to vital rates (e.g. mortality rates) 
is crucial if we are to understand the long-term effects of host-parasite interactions 
upon the population dynamics of a host. Here, in a laboratory setting, disease induced 
mortality rates were quantified and compared among three populations of Bd infected 
Alytes obstetricans, obtained from the Pyrenees National Park. These results were used 
to ascertain whether field observations could be relied upon as an accurate method for 
estimating infection-induced mortality levels. Further data were collected that would 
allow investigation of a hosts ability to persist with infection, the existence of infection 
thresholds, and the temporal variation of infection within individual hosts. Ex situ 
laboratory observations showed a difference in mortality (of between 61% to 100%) 
amongst the three sites at 20 days post metamorphosis, with mortality increasing to 
100% in two sites, and 85% in one by 50 days post-metamorphosis. The risk of 
mortality increased with increasing infectious burden, and I found evidence of host 
persistence with low-level infection, and possible self-clearing of low-level infection in 
some individuals. In situ, A. obstetricans will have left the natal pond by 20 days post 
metamorphosis,  suggesting that if the observed mortality in the experimental study is 
truly representative of disease induced mortality in the field, estimates gained from 






In recent years there has been an unprecedented increase in the incidence of emerging 
infectious diseases (EID’s), which can pose serious problems to wildlife populations. 
EID’s differ from established pathogens as the interactions with hosts are often difficult 
to predict. Common documented population-level outcomes of such host-pathogen 
interactions include cyclical fluctuations in host abundance (Hudson et al. 1998), 
declines in host populations (Berger et al. 1998, Daszak et al. 2000), and in extreme 
cases, host extinctions (Cunningham and Daszak 1998). However, evidence for disease-
related population extinctions in wildlife is rare. Understanding the impacts of disease 
on a population is important for both predicting the long-term survival of that 
population and also for informing management decisions (Murray et al. 2009). Certain 
parameters need to be established when assessing the impact of a disease on a given 
population, and one important parameter is the disease-associated mortality rate. While 
mass-mortality events can be easy to detect in well-studied locations (Lips and 
Burrowes 2005, Lips et al. 2005, Wibbelt et al. 2010), by-and-large, estimating mortality 
rates in free-ranging wildlife is notoriously difficult, and yet are important in 
understanding the long-term effects of parasite exposure.  
A relatively new infectious disease of amphibians, chytridiomycosis, caused by the 
fungal pathogen Batrachochytrium dendrobatidis (Bd hereafter) is now recognised as a 
causal factor in global amphibian declines and even species extinction (Stuart et al. 
2004, Skerratt et al. 2007, Fisher et al. 2009b). The most severe impacts of 
chytridiomycosis are well-documented (Lips and Burrowes 2005, Vredenburg et al. 
2010), however, even in these well studied areas, the proportion of death and the rate 
of decline which can be attributed to Bd was not accurately measured. The first 
reported declines attributed to chytridiomycosis in Europe were observed in 
populations of the common midwife toad (A. obstetricans) in Peñalara National Park in 
1999. Mass mortalities of post metamorphic animals were observed and populations of 
A. obstetricans disappeared from 86% of the ponds previously occupied (Bosch et al. 
2001). In the ponds in which they persisted, numbers declined and subsequent 
breeding appeared to be reduced or non-existent – a situation that persists to this day. 
Despite the magnitude of the impact of chytridiomycosis in Peñalara, there is 
considerable variation in the effects of Bd infection upon individuals within and 
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between Alytes populations across Europe (Tobler and Schmidt 2010, Walker et al. 
2010). In those populations that do not suffer the severest consequences of parasite 
exposure, it is not clear how those effects scale from the level of the infected individual 
to the level of the infected population, as even for notable mortality events, very few 
studies provide information on vital rates.  
One of the few existing studies investigating the differences in response to Bd infection 
showed significant differences in mortality rates under laboratory conditions (from 
27%-90%), amongst populations of infected A. obstetricans in Switzerland (Tobler and 
Schmidt 2010). In contrast those individuals from the same populations which were 
treated with Itraconazole, (an anti-fungal drug commonly used to treat Bd (Nichols and 
Lamirande 2000, Forzán et al. 2008)) demonstrated 100% survival. Despite this level of 
variation, no mass mortalities had been observed in the field and no negative effects of 
infection by Bd on those populations were recorded (Tobler et al. 2012), illustrating 
that differences in mortality rates may go unnoticed in the field, and do not necessarily 
lead to immediate impacts upon the population. Intrinsic factors such as infection 
burden and body condition (mass) are believed to be important predictors of survival in 
many species (Briggs et al. 2005, Garner et al. 2009b, Vredenburg et al. 2010), indeed it 
has been suggested that a threshold of infection is visible in some species, below which 
it is unlikely one will observe population declines (Vredenburg et al. 2010, Kinney et al. 
2011).  
Despite superficial similarities in prevalence of infection, infection burden and the 
genotype of Bd among populations of A. obstetricans in the Pyrenees National Park, in 
situ post-metamorphic mortality appears to vary among sites (Walker 2008), (refer to 
Chapter One for full site details). At some sites, such as lac Arlet, mass mortalities of A. 
obstetricans metamorphs have been observed over the last few years, whereas others, 
such as lac Ansabere have provided very little evidence of diseased induced mortality in 
metamorphs of this species.  However it is unclear (i) whether this observed difference 
is indicative of the true levels of mortality experienced and (ii) whether levels of 
mortality are linked to the persistence or otherwise of these populations. At present we 
assume that if infected individuals survive past the first few days of metamorphosis, 
their chance of longer-term survival is high (Tobler 2011; Jaime Bosch, pers. comm.). 
However, surviving individuals in a field environment tend to disperse from the water’s 
 90 
 
edge within a few days of completing metamorphosis (Jaime Bosch, pers. comm.), and 
therefore the true rates of mortality are unknown. The importance of longer-term vital 
rates cannot be underestimated: post-metamorphic juvenile survival can determine the 
fate of a population, with high levels of mortality at this stage leading to population 
declines (Lampo and De Leo 1998, Hels and Nachman 2002). Unfortunately on the 
whole, field studies aimed at estimating post-metamorphic or juvenile mortality rates at 
anything past the first few days post-metamorphosis are rare (but see Rachowicz et al. 
2006).   
 
In this chapter I aimed to investigate the progression of Bd infection in A. obstetricans 
from three different populations within the Pyrenean National Park using both in situ 
and ex situ approaches. The three populations sampled for this study were lac Ansabere, 
lac Arlet and lac Lhurs. Full details and photographs of the lakes can be found in Chapter 
1. For the ex situ component, I collected individuals at the larval stage and brought them 
back to a controlled laboratory environment at Imperial College, where I followed them 
through metamorphosis. For the in situ component I provide field data collected from 
individual A. obstetricans metamorphs from the same populations over three field 
seasons (2010-2012); data includes variables such as prevalence and burden of 
infection, and yearly counts of observed mortality. I aimed to determine the following:  
 
i) Whether, in a laboratory setting, mortality rate varied among the three populations 
examined and how this compared to in-situ estimates of mortality.  
ii) Whether infection burden in laboratory held animals affected the risk of mortality, 
and whether results could be used to assess the potential risk of mortality in field-
sampled animals, with an unknown fate.  
iii) If mass varied among populations, and whether mass was a significant predictor of 
survival, in keeping with previous experimental work (Garner et al. 2009b, Tobler and 






Materials and Methods 
 
1) Field collected data 
Infection presence/intensity 
Sampling was carried out between 2010 and 2012 at the three field sites detailed above. 
To assess the prevalence and intensity of Bd infection, swab samples were taken from 
recently metamorphosed A. obstetricans as described in detail in my methods chapter 
(Chapter two). Recently metamorphoses individuals were those which have all four legs 
present and have fully resorbed their tail (i.e. small froglets). The focal sampling period 
of recent metamorphs was during the month of August, at peak metamorphic 
emergence (i.e. when the density of metamorphs was at its highest). In addition, where 
possible, I also took swab samples from recent metamorphs at the start of metamorphic 
emergence, i.e. the point at which the first metamorphs started to emerge (often mid-to 
late July). Where possible I collected a sample size of 30 individual swabs per lake. I 
assessed the presence/absence of Bd-DNA in swab samples by quantitative PCR (qPCR), 
following the protocol of Boyle et al. 2004 and as described in detail in Chapter two. 
Briefly, I extracted swabs using a bead-beating protocol and processed all samples via 
qPCR.  
 
Visual surveys for mortality 
I carried out visual surveys for dead post-metamorphic A. obstetricans at least once 
throughout metamorph emergence at each lake, recording the ratio of live to dead 
animals encountered at each visit. Searches were carried out from the shallows of the 
lakes to a 1.5m distance from the water's edge, including under movable rocks. Any 
deceased metamorphs found were removed, so as not to be counted a second time on 
subsequent visits and I assumed that live animals would disperse from the water’s edge 
within a few days of emergence, or die, and would therefore not be counted again in 
subsequent live estimates.   
 
2) Monitoring Alytes obstetricans in a laboratory setting 
Collection and treatment 
In 2012, I collected over-wintered A. obstetricans tadpoles (between Gosner stages 37-
40 (Gosner 1960); refer to Chapter One for details on Gosner stages) from the three 
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sites and brought them to a biosecure laboratory facility at Imperial College London. In 
total, I collected 114 tadpoles: 30 from lac Ansabere; 40 from lac Arlet; and 44 from lac 
Lhurs. I followed standard hygiene protocols during all sample collection (described in 
Chapter Two), to avoid transmission of Bd and other potential pathogens. I sampled all 
individuals for Bd infection prior to the start of the experiment, by swabbing the 
mouthparts of tadpoles using a sterile cotton swab (MWE medical wire). All the 
tadpoles from all three sites tested positive for Bd at the start of the study. 
 
For each population, tadpoles were split 50:50 and I randomly assigned tadpoles to 
either a ‘treated’ group or an ‘untreated’ group. In the treated group, tadpoles from each 
population were submerged in an itraconazole solution to clear infection prior to the 
start of the study. Itraconazole has been shown to be successful in clearing Bd infection 
in two Alytes species, including A. obstetricans (Garner et al. 2009a, Tobler and Schmidt 
2010). I placed animals in the 3 treated groups into Itraconazole solution (1mg/L; 
Sporanox, Janssen-Cilag) for a period of 5 minutes per day for 7 consecutive days 
(Garner et al. 2009a). Following treatment, I returned individuals to clean tubs 
containing aged tap water. Individuals in the untreated group were left with their 
natural Bd infection. The process of daily handling of tadpoles during the treatment 
process has previously been shown to have no negative effect on the intensity of 
infection or mortality rate, when compared to non-handled groups (Tobler and Schmidt 
2010; Dirk Schmeller, pers. comm.). I therefore decided not to include a control group to 
account for potential handling stress, in order to reduce the number of individuals 
needed for the study. I swabbed individuals who underwent Itraconazole treatment 
three days post treatment to assess whether Bd infection had been cleared.   
 
Laboratory procedure (post itraconazole treatment)  
I closely followed the protocol of Tobler and Schmidt. (2010). Animals were placed into 
individual plastic containers (1.6L), containing one litre of aged tap water. The room 
was maintained at a temperature of between 17-20°C, and a 12 hour light and dark day 
was provided. Full water changes were carried out twice a week and food added (1ml of 
dissolved TetraTabin) two to three times a week. Swabs were taken from individuals 
once they had completed metamorphosis, indicated by full tail resorption (referred to 
as Gosner stage 46), at 20 days post metamorphosis and at 50 days post metamorphosis 
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or upon death. The mass of individuals, to the nearest 0.01g was measured at these 
same three time points, as well as once metamorphosis began, i.e. when all four legs 
were fully emerged (referred to as Gosner stage 42). All mortalities were stored in 70% 
ethanol. At Gosner stage 42, the water level was reduced, the container tilted and a 
damp paper towel added to the dry area, allowing access to both land and water. Once 
metamorphosis was complete, all the water was drained and the containers and lined 
with a damp paper towel. Hatching crickets were fed ad libitum twice weekly. Two cut-
off points were used to compare differences in mortality between the sites: 20 days 
post-metamorphosis (early time point) and 50 days post-metamorphosis (late time 
point). I recorded and compared differences in mortality in post-metamorphic animals 





I carried out all statistical analyses using the statistical package ‘R’, version 3.0.0 (R Core 
Team 2013). 
 
Statistical analysis of field-collected data 
Fisher’s exact tests were used to compare the prevalence of infection between i) 
metamorphs sampled in August among the years 2010 to 2012, ii) the three lakes 
during August 2012 and iii) metamorphs sampled in July compared to those sampled in 
August. A series of negative binomial regression models (function glm.nb, R package 
MASS) were used to assess differences in infection intensity at these same three time 
points. Where no significant differences occurred between factors (i.e. year, lake or 
month), those factors were combined into a single factor level for further model 
simplification. If necessary, Tukey post-hoc tests were used to compare pairwise 
comparisons between factor levels. Likelihood ratio tests were used to assess the 
overall model significance. Full details on the reasons behind this choice of model can be 
found in Chapter Two.  
 
Statistical analysis of laboratory held animals 
I used ANOVA, with Tukey post-hoc tests to look for site-specific differences in body 
mass between individuals from the treated group compared to those from the untreated 
group at Gosner stages 42 (start of metamorphosis, i.e. all four legs present) and Gosner 
stage 46 (complete metamorphosis). The same tests were used to compare mass at the 
two time points among different populations, using all individuals from the three 
populations. Negative binomial regression models, as described above, were used to 
look for differences in the intensity of infection in the untreated groups among 
populations at Gosner stage 46 and at death.  
 
To illustrate differences in the survival of animals from each population I applied 
Kaplan-Meier survivorship curves, using daily counts on the number of survivors until 
20 days post metamorphosis. To analyse the survival data, I used Cox proportional 
hazard regression to assess the effects of individual condition (body mass) and infection 
intensity (zoospore load) on hazard risk, i.e. death. The hazard function within the 
model allows the probability that an individual will experience a particular event (for 
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example, death) within a small time interval to be assessed. Individual survival times 
are censored, meaning that individuals may die after the end of the study period. I 
applied cox proportional hazard models using the untreated group only, as all the 
treated individuals survived.  
 
Statistical analysis on laboratory-sampled verses field-sampled animals 
I used negative binomial regression models to look for any site-specific differences in 
the intensity of infection detected in metamorphs sampled in the field in 2012 






Field collected results 
Results of prevalence and intensity of infection 
Bd was detected in A. obstetricans metamorphs in all three lakes over the three year 
sampling period (Table 5.1).  
 
A) Comparisons of prevalence and intensity of infection detected in metamorphs 
sampled in August among the years 2010 to 2012, for each lake  
There were no significant differences in the prevalence of infection among the years 
2010 to 2012 in lac Ansabere or Lac Arlet. In lac Lhurs, a significantly lower prevalence 
of infection was detected in 2012 compared to 2010 and 2011 (Fisher’s exact test 
p<0.001). Year was a significant predictor of infection intensity in metamorphs in both 
lac Arlet (Chi-sq. =11 , df =2, p= 0.005), and lac Lhurs (Chi-sq. = 30, df =2, p <0.001), but 
not in lac Ansabere (Chi-sq. = 6, df =2, p= 0.05) (Figure 5.1). Negative binomial 
regression models revealed that in Arlet, there was no significant difference between 
the infection intensity in 2010 compared to 2012, so these years were combined into a 
single factor for further analysis; simplified results revealed infection intensity in 
metamorphs was significantly weaker in 2011 than in 2010 or 2012 (z= -3.61, df = 1, 
p<0.001). In Lhurs, a post-hoc Tukey test revealed that metamorphs sampled in 2010 
had a significantly greater infection intensity than those sampled in 2011 (p = 0.03) or 
2012 (p<0.001). Further, metamorphs sampled in 2011 had a significantly greater 
infection intensity than those sampled in 2012 (p <0.001). Therefore, the rank order of 












Table 5.1: Summary statistics for the sample prevalence and intensity of infection with B. 
dendrobatidis, detected via swabs in A. obstetricans recent metamorphs at both the start of 
emergence, if sampled (July) and mid emergence (August), for the period 2010-2012. The 
prevalence of infection is shown with 95 % Sterne’s Exact Confidence Intervals (S-CI). The mean 
intensity of infection (GE) is shown together with +/-1SE. NI/SS =number infected, out of ‘n’ 
sample size.  
Ansabere NI/SS Prevalence(S-CI) GE +/- 1 SE 
2010 Aug 18/19 0.95 (0.74  to 1.00)    214 +/- 87 
2011 Aug 4/4 1.00 (0.47  to 1.00)    148 +/- 95 
2012 Aug 8/8 1.00 (0.64  to 1.00)    782 +/- 673 
Arlet    
2010 July 4/6 0.67 (0.27  to 0.94)      28 +/- 14 
2010 Aug 30/30 1.00 (0.89  to 1.00) 1,669 +/- 433 
2011 July 16/19 0.84 (0.61  to  0.96)    305 +/- 143 
2011 Aug 31/31 1.00 (0.89  to  1.00)    537 +/- 139 
2012 Aug 30/30 1.00 (0.89  to  1.00) 1,939 +/- 575 
Lhurs    
2010 Aug 31/32 0.97 (0.83  to 1.00)    419 +/- 201 
2011 July 6/35 0.17 (0.08  to  0.33)     1.8 +/- 1.4 
2011 Aug 26/27 0.96 (0.82  to  1.00)    139 +/- 48 




Figure 5.1: Infection intensity (GE) detected in field-sampled metamorphs during the month of 
August from 2010 to 2012 in all three lakes. Colours indicate the different years. Values have 
been log transformed and box plots display the median Log (GE) (horizontal black line), 25th 
and 75th percentiles (boxes), 10th and 90th percentiles (whiskers), and all points that lie 
outside of the 10th and 90th percentiles ( ͦ ). 
  Ansabere            Arlet               Lhurs 
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Table 5.2: Results of a Tukey post-hoc test investigating the differences in infection intensity in 
lac Lhurs among the years 2010 to 2012. Results read from column compared to row, with the 
arrow indicating the direction of the relationship between the years (i.e. whether the year in 
given column is higher or lower than the year in a given row), the z-value and p-value are given 
in each case.  
 
Lhurs 2010 2011 2012 
2010  ↓ 
Z = -2.51 
P = 0.030 
↓ 
Z = -8.56 
P <0.001 
2011   ↓ 
Z = -6.87 
P <0.001 
2012    
 
B) Comparisons of prevalence and intensity of infection detected in metamorphs in 
August 2012, among the three lakes 
The prevalence of infection detected in Lhurs was significantly lower than that detected 
in Ansabere (Fishers’ exact p<0.001), or Arlet (Fishers exact p<0.001). No other 
differences were seen. Lake was a significant predictor of infection intensity in 
metamorphs in August 2012 (chi-sq= 38, df = 2, p<0.001). There was no significant 
difference in the infection intensity detected between Ansabere and Arlet, so these lakes 
were combined into a single factor level. Further model testing revealed the intensity of 
infection detected in Lhurs was significantly lower than that detected in Ansabere or 
Arlet (z = -11.27, df = 1, p<0.001).   
 
C) Comparisons of prevalence and intensity of infection detected in metamorphs in 
the month of July compared to the month of August   
Metamorphs sampled in July had a significantly lower prevalence of infection than those 
sampled in August in Arlet 2010 (Fisher’s exact test p=0.02) and Lhurs 2011 (Fisher’s 
exact test p<0.001). Month was a significant predictor of infection intensity in 
metamorphs in both Arlet (chi-sq = 10, df = 1, p = 0.002) and Lhurs (chi-sq = 12, df = 1, 
p<0.001). Overall, individuals sampled in July had a significantly lower infection 
intensity than those sampled in August in both Arlet (z = -3.746, df = 1, p<0.001) and 




Visual surveys of live: dead individuals  
Examining the ratio of live: dead metamorphs at each lake suggested a high survival 
index for lac Ansabere (between 94 to 100%) and lac Lhurs (82 to 98%), but medium to 
high in lac Arlet (52 to 87%), Table 5.3.  
 
Table 5.3 Table detailing counts of live and dead metamorphs found at lakes Arlet (two to three 
different time points per year), Ansabere (one to three different time points per year) and  
Lhurs (one time point per year), along with estimated visual survival index, derived from the 
ratio of live: dead individuals.  
Lake Date Ratio Live: Dead Survival index 
Arlet 13.08.2010 155:87 64% 
19.08.2010 411:355 54% 
17.07.2011 20:3 87% 
12.08.2011 217:43 83% 
23.08.2011 79:27 75% 
14.08.2012 262:74 78% 
23.08.2012 80:74 52% 
Ansabere 12.08.2010 4:0 100% 
18.08.2010 15:1 94% 
18.07.2011 3:0 100% 
16.08.2011 4:0 100% 
27.08.2011 0:0 N/A 
15.08.2012 8:0 100% 
Lhurs 21.08.2011 323:71 82% 





Ex situ (laboratory) results  
Starting infections of animals 
Post itraconazole treatment, all but one individual in the treated groups tested negative 
for Bd, but some had developed low level infections by Gosner stage 46, or at 20 days 
post Gosner stage 46 (Table 5.4). All individuals from the untreated group tested 
positive for Bd at 20 days post metamorphosis, or at time of death, whichever happened 
first. Of the two individuals from the untreated group still alive at 50 days post 
metamorphosis, one had cleared a previously detectable infection and one had a low-
level infection (0.4GE).  
 
Table 5.4: The number of individuals in the itraconazole treated group which tested positive for 
Bd infection: before treatment with itraconazole, three days post-treatment, at Gosner stage 46 






GS46 20days post 
GS46 
Ansabere 14/14 0/14 6/14 2/14 
Arlet 19/19 1/19 13/19 7/19 
Lhurs 22/22 0/22 4/22 6/22 
 
Mass at Gosner stage 42 and 46 in untreated and treated animals 
There was no significant difference in body mass at Gosner stages 42 or 46 between 
individuals from the untreated group compared to those in the treated group, within 
any of the three populations. The two groups were therefore combined in order to 
assess overall differences in mass at these two time-points, among populations. 
Individuals from Arlet had a significantly greater mass than individuals from Ansabere 
(ANOVA, p <0.001), and Lhurs (ANOVA, p<0.001). Further, individuals from Lhurs had a 
significantly greater mass than those from Ansabere (ANOVA, p<0.001) (Table 5.5), 
therefore the rank order of metamorph mass between lakes, increased from Ansabere < 
Lhurs < Arlet.  
 
Infection intensity at Gosner stage 46 and death in untreated groups 
Infection intensity varied across populations (Table 5.5). Lake was a significant 
predictor of Infection intensity (GE) at Gosner stage 46 (chi-sq = 20, df = 2, p<0.001). No 
significant difference was seen between individuals from Arlet compared to those from 
Lhurs, therefore these two lakes were combined into a single factor and used in further 
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model simplification. Infection intensity was significantly greater in individuals from 
Arlet and Lhurs compared to those from Ansabere (z= 5.541, df = 1, p<0.001). Lake was 
not a significant predictor of Infection intensity (GE) at death (chi-sq = 4, df = 2, p=0.10).  
 
Table 5.5: Summary statistics for i) the average mass (g) of individuals at GS42 and GS46, ii) the 
average intensity of infection (GE) at GS46 and at death in A. obstetricans metamorphs from 
three populations, from one of two groups (treated with itraconazole or untreated). The table 




Average GE or Mass(g) +/- (SD) 
Ansabere Arlet Lhurs 
Untreated Treated Untreated Treated Untreated Treated 
GS42 Mass 1.19 (0.16) 1.08  (0.18) 2.04    (0.29) 1.99  (0.27) 1.39    (0.19) 1.29 (0.24) 
GS46 Mass 0.68 (0.08) 0.61  (0.08) 1.23    (0.16) 1.28  (0.22) 0.76    (0.11) 0.87 (0.10) 
GS46 GE 846  (1302) 0.50  (0.65) 26846 (30371) 2.76  (4.10) 8190   (10194) 0.14 (0.01) 
Death GE  4954 (3029) NA  11508 (12434) NA  13097 (17391)  NA  
 
Survival rates post-metamorphosis 
Survival rates over the 20 day period post metamorphosis varied among populations. In 
the untreated group, individuals from Ansabere had the best rate of survival; 5/13 
(39%) followed by those from Arlet; 4/19 (22%) and Lhurs; 0/22 (0%), (Figure 5.2). By 
50 days post metamorphosis, all the remaining animals from Arlet and all but two 
animals from Ansabere had died. All those which subsequently suffered mortality post 
20 days had built up high burdens of infection, whereas of the two individuals which 
survived, one had no detectable infection (having previously been infected), and the 
other had a very low burden of infection, (Table 5.6). Individuals from the Itraconazole 
treated groups in all three populations survived for the duration of the study, despite 
some having low level infections. As survival was 100% in this group, the effect of 
infection intensity and mass on mortality rate was focused on the untreated group only. 
So few individuals survived to 50 days post metamorphosis, that analysis was 






Figure 5.2: Kaplan-Meier survivorship curves illustrating differences in the survival of animals 
brought into the laboratory from three different lakes, over a 20 days period post 
metamorphosis (Gosner stage 46). The black dotted line represents the itraconazole treatment 
group for all three lakes. Red = Ansabere untreated (ANS), Green=Arlet untreated (ARL), 




Table 5.6: Details the progression of infection intensity (GE) in the untreated groups from three 
populations. The table shows the GE detected at metamorphosis (0 days), 20 days post-
metamorphosis, 50 days post-metamorphosis or at death in-between the two time points (death 
<20, or death <50days). Individuals belong to one of three groups; i) Early = suffered mortality 
before reaching 20 days post metamorphosis, ii) Late = live at 20 days post metamorphosis, but 
dead before 50 days, iii) Survived = still alive at 50 days post metamorphosis.  n = number of 




Infection intensity (GE) +/- SD 
0 days Death (<20 d) 20 days Death (<50d) 50 days 
Early, n=8 3000 +/- 2965 5433 +/- 3240    
Late, n=3 14.8 +/- 15.1 NA 1596 +/- 1706 3676 +/- 2405  
Survived, n=2 0.72 +/-0.82  NA 0.35 +/- 0.5 NA 0.2 +/- 0.3 
 
Arlet 0 days Death (< 20) 20 days Death (< 50) 50 days 
Early, n=15 30249 +/-30193 12392 +/- 13699    
Late, n=4 15020 +/-18349 NA 2232 +/- 1439 8192 +/- 5772  
Survived, n=0 NA  NA NA NA NA 
 
Lhurs 0 days Death (< 20) 20 days Death (< 50) 50 days 
Early, n=22 8483 +/-9996 13097 +/- 17391    
Late, n=0 NA NA NA NA NA 
Survived, n=0 NA NA NA NA NA 
 
 
Effect of mass and infection intensity on survival 
Cox-proportional Hazard models were parameterized with the following covariates: 
Infection intensity at Gosner stage 46 (metamorphosis), mass at Gosner stage 46 and 
population. Models were run with all possible interactions and simplified by removing 
any non-significant effect. There was no significant effect of body mass at Gosner stage 
46 on mortality at any site. The resulting model was an additive model, with infection 
intensity (GE) at Gosner stage 46 and population (lake) included as covariates. Results 
showed that at 20 days post metamorphosis there was a 44% greater hazard (i.e. risk of 
death) per unit increase in log (GE) (p<0.001). This effect was similar for individuals 
from Ansabere and Lhurs, however hazard risk was reduced in Arlet to 31%, but this 




Table 5.7 Shows the results of a Cox-proportional Hazard additive model, investigating the 
effect of both infection intensity (GE) at metamorphosis and population (lake) on the survival 
rate of individuals at 20 days post metamorphosis. Analysis includes all untreated individuals 
from the three populations. The intercept corresponds to lac Lhurs and the table shows the 
coefficients, the expected coefficients, the SE of the coefficients, the Z value and the P value.  
 
Covariate Test statistic     
Intercept(Lhurs) coef Exp(coef) Se(coef) Z p 
Log(GE) 0.36938 1.44683 0.10468 3.529 <0.001 
Ansabere 0.06259 1.06459 0.55329 0.113   0.909 
Arlet -1.16348 0.31240 0.44695 -2.603   0.009 
 
Comparison of infection intensity detected in lab-held versus field sampled animals 
In 2012, location of sampling (i.e. from laboratory or field) had a significant effect on 
infection intensity at Arlet (chi-sq = 29, df = 1, p <0.001) and Lhurs (chi-sq = 53, df = 1, 
p<0.001), but not in Ansabere (chi-sq = 0.9, df = 1, p = 0.35), (Figure 5.3). Metamorphs 
sampled in the field had a significantly lower intensity of infection compared to those 





Figure 5.3: Infection intensity (GE) detected in individuals at metamorphosis (GS46) from 
animals brought into the laboratory (Grey) compared to those sampled in the field (white), 
during August of 2012. Values have been log transformed and box plots display the median Log 
(GE) (horizontal black line), 25th and 75th percentiles (boxes), 10th and 90th percentiles 
(whiskers), and all points that lie outside of the 10th and 90th percentiles ( ͦ ) 
 





The aim of this chapter was to investigate the progression of Bd infection in A. 
obstetricans from three different populations within the Pyrenean National Park, using 
both in situ and ex situ approaches. The hope was that these ex situ estimates of 
mortality, based on natural infections, would shed light on the long term fate of 
individuals encountered in the field. To my knowledge this is the first study which 
combines both approaches to investigate disease induced mortality, and a combination 
of field and laboratory-based approaches, as presented here, represent our best chance 
of addressing some fundamental questions into the ecology of wildlife infectious 
disease. In tandem, they help to begin to disentangle how individual-level factors 
combine and relate to mortality, and how different levels of mortality may convert into 
population-level effects.  
 
Field sampling of the three populations revealed a variation in both prevalence and 
intensity of infection from 2010 to 2012 in both lac Arlet and lac Lhurs. Further, the 
timing of sampling revealed a difference in the prevalence and intensity of infection at 
the same two lakes. Overall, individuals sampled at the start of metamorphic emergence 
(July) had both a reduced prevalence and burden of infection when compared to those 
sampled during mid-emergence (August). I do not know why these early emerging 
metamorphs are less affected by Bd infection. Perhaps the colder temperatures early in 
the season are less favourable for Bd in this system, as July water temperatures are on 
average 2-4°C colder than August (Clare, unpublished data) and Bd is believed to 
flourish at warmer temperatures (Piotrowski et al. 2004). It could be that individuals 
who metamorphose earlier are healthier and are more able to fight off infection, or it 
could simply be an effect of density, as there are far fewer individuals at the start of 
metamorphic emergence.  
 
Noting the ratio of live-dead metamorphs around field sites enabled a rough survival 
index to be estimated. The intensity of infection detected in August metamorphs at both 
lac Arlet and Lhurs appeared to be linked to the level of metamorphic survival observed 
in the field, with those years of relatively lower infectious burden being the years in 
which the highest survival index was estimated. Estimating survival in a field 
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environment is unfortunately prone to many biases. The ability of the observer to detect 
corpses or remains can be influenced by many factors. In many systems, the rate at 
which carcasses are removed by scavengers can severely affect detection rates (Linz et 
al. 1997, Ponce et al. 2010, Degregorio et al. 2011), but this is unlikely to be a problem in 
this system. Very few bird, mammal or reptile species exist in these high altitude sites, 
and those which do are unlikely to scavenge on toads due to toxins released in their skin 
secretions making them unpalatable to many predators (Metcalf 1928). However, if an 
individual does remain within the monitored area, it still may be hidden under 
unmovable objects or trodden into the ground by humans/wildlife and therefore be 
undetectable. Further, an individual will often leave the edge of the lake within a few 
days of completing metamorphosis (Jaime Bosch, pers. comm.). Therefore, if mortality 
occurs after this point, the fate of these individuals remains unknown to the observer. 
One way to overcome this issue in detectability is monitor mortality rates, in situ. 
 
The results from the laboratory held animals demonstrated a difference in survival in 
the untreated Bd infected groups, of 0% to 39%, among the three populations of A. 
obstetricans over a 20 day period post metamorphosis. Survival decreased (0% to 15%) 
between 20 to 50 days post mortality, with only one lake demonstrating survival (two 
individuals in Ansabere). Models suggest that there is an increased hazard (i.e. risk of 
mortality) with increasing intensity of infection at all sites. All individuals suffering 
mortality had incredibly high infectious burdens, especially those from lac Arlet and 
Lhurs. Of the two survivors from Ansabere, one demonstrated an undetectable level of 
infection and the other had a low burden of 0.7GE. This could indicate that survival 
whilst harbouring a low infection burden is possible, but no real conclusions can be 
drawn from a sample size of two.   
 
By 50 days post metamorphosis, mortality was 100% in both lac Arlet and lac Lhurs, but 
it was apparent that mortality occurred more rapidly in individuals from lac Lhurs in 
comparison to lac Arlet. One would expect mortality to occur at a faster rate in those 
which have a greater infection burden; however, the intensity of infection detected at 
metamorphosis in individuals from Lhurs was significantly lower than that detected in 
individuals from Arlet, although by death these levels were similar. During epizootic 
outbreaks mortality is almost always additive, that is, mortality occurs in individuals 
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who would not die in the absence of disease (Burnham and Anderson 1984), often with 
severe consequences in susceptible species, such as was seen in populations of A. 
obstetricans in Spain (Bosch et al. 2001). The introduction of Bd into lac Lhurs has been 
much more recent compared to both the other two lakes. Although tested, infection was 
not detected in lac Lhurs until 2009, whereas infection was detected at initial sampling 
in Arlet in 2006 (Walker 2008). The population at Lhurs has therefore had less time to 
adapt to the presence of the pathogen which may explain the rapid build-up of infection 
and faster mortality rates seen in those individuals. 
 
When comparing the survival rates observed in the laboratory to the estimated survival 
index gained from field surveys in 2012, which were; lac Ansabere (100%), lac Arlet 
(between 75-87%) and lac Lhurs (82%), there is a clear over estimation of survival 
from field observations. However, when carrying out visual surveys in the field, one 
must assume that the animals encountered have recently emerged from the water, as 
once an individual completes metamorphosis it will often leave the edge of the lake 
within a few days (Jaime Bosch, pers. comm.). Survival rates from the experimental data 
during the first five days post metamorphosis, the time point at which you would expect 
to encounter individuals in the field, appear more accurate  (Ansabere=85%; Arlet =62-
85%; Lhurs =55-68%). Unfortunately, there is little that can be done in the field to 
observe the fate of individuals past this point. It is thought that mortality is highest in 
the first few days post metamorphosis in this species (Jaime Bosch, pers. comm.), but 
our data suggests that this is not necessarily the case in this system.  
 
With the exception of individuals from Ansabere (which was based on a small field 
sample), the infection intensity detected at metamorphosis in field collected animals 
was significantly lower than that detected in the laboratory-held individuals. The high 
burdens of infection which developed in the laboratory kept individuals could have 
occurred for several reasons. Previous research has indicated that glucocorticoid levels, 
which are associated with stress, correlate with survival in Bd positive populations of 
amphibians (Gabor et al. 2013). The stress of being kept in confinement could have had 
an additive effect on infectious burden, increasing the intensity of infection. Future 
experiments should ideally measure glucocorticoid stress levels in laboratory held 
animals compared to wild sampled animals. High temperature has been shown to assist 
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in reducing or even clearing Bd infection in some species (Woodhams et al. 2003, 
Chatfield and Richards-Zawacki 2011), it is possible that in a field environment infected 
individuals will choose to bask out in the sun, which may slow down Bd growth and re-
infection. It is possible that by maintaining individuals in a laboratory environment, in 
moist conditions we actually promoted Bd growth and re-infection. It therefore may be 
difficult to say that the relationship between infection burden and survival in a 
laboratory setting is representative of field conditions. Despite this, I do believe that 
field estimates are still likely to underestimate the levels of mortality experienced, as it 
is highly likely that individuals leaving the edge of the lakes with high infection burdens 
go on to suffer mortality.  
 
Itraconazole, an antifungal drug, was applied to 50% of the laboratory held animals, 
making up the ‘treated’ groups in each population. Swab data indicated that on the 
whole, itraconazole was successful in initially clearing Bd infection, with some 
remaining uninfected throughout the study period. But, others developed low-level 
infections post itraconazole treatment. It is unclear whether itraconazole was not 100% 
effective at clearing Bd infection, but reduced it to such a level that was undetectable via 
qPCR, or whether some individuals were exposed to contamination at some point post 
treatment. Despite many individuals harbouring low level infections at either 
metamorphosis (68%) or 20 days post metamorphosis (37%), 100% survival was noted 
in the treated groups from all three populations. I cannot conclusively say that these 
low-level infected metamorphs from the treated group would represent low-level 
infection burdens in the field, but I believe that it is highly probable that individual from 
all three sites may survive for up to 50 days post metamorphosis, if they harbour low 
level infections.  
 
A number of individuals from the itraconazole treated group who initially tested 
positive at metamorphosis, tested negative on subsequent swab tests (as did one 
remaining individual from the Ansabere untreated group). It is possible that these 
individuals were able to clear their infections, or perhaps infection was suppressed to 
such a low level that it was not possible to detect via qPCR. The ability to clear infection 
has been seen in other amphibian species (Davidson et al. 2009, Becker and Harris 
2010, Baláž et al. 2013a, Pasmans et al. 2013), but occasionally associated costs with 
 109 
 
clearing infection are observed (Cheatsazan et al. 2013). If however individuals are able 
to clear such low-level infection, it can only serve as positive news for the potential 
persistence of host populations.  
 
There is evidence to suggest that some other amphibians are able to survive with a low 
infection burden. Briggs et al. (2010) found that fungal load dynamics explained the 
different population-level outcomes of Bd observed in mountain yellow-legged frogs 
(Rana muscosa) in different areas of the Sierra Nevada. They reported individuals 
persisting with very low-level infection burdens, compared to previous studies in the 
same area where high infection burdens led to population declines (Rachowicz et al. 
2006, Vredenburg et al. 2010). Declines in populations of R. muscosa were only noted 
when an average infection intensity of 10,000 zoospore equivalents (GE) per swab was 
reached, suggesting that individuals may be able to survive if infection intensity was 
lower (Vredenburg et al. 2010). Indeed, in one study a number of susceptible Crawfish 
frogs (Lithobates areolatus) survived with low-level Bd infections but suffered mortality 
with high infection burdens (Kinney et al, 2011). Tobler et al. (2010) reported 
differences in survival within different populations of A. obstetricans, with those 
surviving having a significantly lower average infection burden than those suffering 
mortality. In this study, infection intensity was at least an order of magnitude less in 
survivors, and by the end of the experiment survivors had an average infection burden 
of around 28 GE, compared to the non-survivors of around 10,000GE (Tobler and 
Schmidt 2010). It therefore does seem plausible that even within a highly susceptible 
species, such as A. obstetricans, it may be possible to observe these two extremes, with 
individuals harbouring a low infectious burden having a much increased chance of 
survival.  
Asides from intensity of infection, a further expected predictor of survival is mass at 
metamorphosis, which has been well documented in a number of studies (Carey et al. 
2006b, Garner et al. 2009b, Tobler and Schmidt 2010). Although there was a significant 
difference seen between the average mass of individuals from the three lakes, and there 
was variation among individuals within in a lake, models showed that mass was not a 
factor of survival in any of the lakes. Individuals from lac Arlet had a much larger 
average mass than those form the other two lakes and also a much higher average 
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intensity of infection at metamorphosis. It could simply be that the larger individuals 
have an increased surface area to build up higher infection burdens more quickly, as Bd 
infects the keratin of the skin, but some studies show that it is the smaller individuals 
which build up higher burdens of infection (Garner et al. 2009b).  
 
If the observed mortality in the laboratory held animals is truly representative of Bd 
induced mortality in the field then one would expect high levels of mortality which 
could possibly lead to population declines at all three sites. Population declines have 
been noted in two of the three sites examined here; lac Ansabere and Lhurs (see 
Chapter Four), but as discussed previously, the increased burdens of infection suffered 
in laboratory held animals prevents a more direct comparison. What does seem to be 
clear is that infection dynamics do drive mortality in this system, and that it is post-
metamorphic infection which seems to determine mortality. These results suggest that 
individuals from all three lakes can tolerate low infection burdens and maybe even clear 
these low-level infections over time. If Bd is removed (either by treatment or by self-
clearing) or reduced to a low-level at the point of metamorphosis, the probability of 
short-term survival is high, despite the lengthy period of infection as a tadpole. The 
proportion of uninfected metamorphs seen at the start of emergence, and those with 
low-level infections could be very important in maintaining the population’s survival, 




Chapter 6: Changing species susceptibility 
to Batrachochytrium dendrobatidis 




Despite many years of study into host susceptibility to Batrachochytrium dendrobatidis 
(Bd), there is very little information on how species susceptibility to infection may vary 
within a community of amphibians. Often, the focus is on how Bd can impact a specific, 
often highly susceptible, species within a community. I determined the response to Bd 
over time in three different host species with varying susceptibility, present in the same 
environment. I investigated the changes in prevalence and infection intensity over a 
seven year period and investigated the potential influence of environmental variation in 
the changes observed. Alytes obstetricans was by far the most consistently infected 
species, exhibiting a high prevalence and burden of infection throughout the study 
period. I believe due to the complex life cycle of this species, it is likely to maintain Bd 
within this system, and that spill-over of infection has occurred into two less susceptible 
species, Bufo bufo and Rana temporaria. R. temporaria has rarely suffered Bd infection 
and has never been shown to suffer from chytridiomycosis; I provide histological 
analysis indicating mortality as a direct result of chytridiomycosis in this species. 
Further, the prevalence of infection in R. temporaria increased at a similar rate to that 
detected in a more Bd susceptible species, B. bufo. I found that the onset of season had a 
significant effect on the prevalence of infection in both these two species, indicating that 
environmental factors may affect the probability of infection. From these results I am 
unable to distinguish between the relative susceptibility to Bd infection of B. bufo and R. 
temporaria, despite previous research indicating a clear difference. A. obstetricans does 
appear to be the driving force of infection within this system, but the unexpected 
changes in susceptibility to Bd over the years in B. bufo and R. temporaria suggests 
infection is not constant and predictable, but is likely to be affected by biotic and abiotic 
variables within this systems. Considering this, when possible, long-term sampling of all 





Most pathogens considered to be host-specialists usually infect multiple host-species 
(Ostfeld and Keesing 2012). Indeed, out of the 70 animal diseases considered to be of 
greatest international importance, 57 infect multiple hosts (Cleaveland et al. 2001), and 
pathogens able to infect multiple host species have been responsible for almost all 
recent disease outbreaks in endangered wildlife (Murray et al. 1999, Daszak et al. 
2000). For the purposes of biodiversity conservation, a thorough understanding of such 
multi-host pathogen systems is extremely important, given the increased rate of spread 
of infectious agents via human activities, and the negative impact that generalist 
pathogens can have on threatened species (Ostfeld and Keesing 2000, Schmidt and 
Ostfeld 2001). Although most pathogens infect multiple hosts, they do so to differing 
extents: hosts vary greatly in their response when exposed to a parasite (Ostfeld and 
Keesing 2000, Kilpatrick et al. 2006, Craft et al. 2009, Cronin et al. 2010), even when 
host species co-occur in the same environment (LaDeau et al. 2007). Identifying 
differences in susceptibility among species is therefore very important in understanding 
key aspects of disease ecology within a community. For example, variation in 
susceptibility can affect the abundance and probability of persistence of pathogens in 
ecological communities (Schmidt and Ostfeld 2001, Keesing et al. 2006), and can affect 
disease dynamics by altering the infectivity, pathogenicity, disease-induced mortality 
and recovery rates of hosts (Dobson 2004, Begon 2008, Ezenwa and Jolles 2011). One 
notable way in which this may occur is when certain species or age-classes become 
reservoirs of parasite infection. 
 
Generalist pathogens with biological reservoirs are considered one of the greatest 
concerns to conservation biologists (Cleaveland et al. 2001). A reservoir species is a 
widespread, abundant host species which has the ability to maintain disease within a 
community of hosts. Although reservoir species are often highly susceptible to infection 
with a parasite, they are often (but not always) more resistant to the ill-effects 
associated with infection, therefore enabling the maintenance of that parasite within a 
community. Reservoir species are therefore able to increase the level of risk that a 
particular infectious disease poses to a species or population by facilitating long-term 
pathogen persistence and preventing fade-outs (Keesing et al. 2006, Begon 2008). 
 113 
 
Moreover, a reservoir species can increase the likelihood of spill-over, i.e. the process of 
increasing the transmission of an infectious agent from a reservoir species to an 
alternative host (Daszak et al. 2000) into other species present in the same environment 
(Cleaveland and Dye 1995, Swinton et al. 2001). Spill-over of infection can occur if the 
prevalence of infection reaches saturation in a reservoir species, as this increases the 
density of the pathogen within an environment, or if the preferred host species becomes 
less available and the pathogen is forced to utilize alternative hosts to enable its 
persistence (Cleaveland and Dye 1995).  
 
In addition to variation in species susceptibility within a community, environmental 
variation may result in changes to parasite prevalence, incidence and levels of infection. 
In particular, seasonal variation in weather often results in associated cycles of 
infectious disease (Dowell 2001), with the incidence of many parasites and pathogens 
varying noticeably throughout the course of a year (Altizer et al. 2006). Indeed, seasonal 
variation in disease prevalence can be seen in both humans and wildlife (Hosseini et al. 
2004, Pascual and Dobson 2005, Comrie 2005), and can be affected by the thermal 
requirements of the parasite, a variation in the density and abundance of hosts or 
changes in host immunity over time (Van Riper III et al. 1986, Schauber and Ostfeld 
2002, Hosseini et al. 2004).  
 
Batrachochytrium dendrobatidis, hereafter Bd, is an example of a host generalist 
pathogen that exhibits strong variation in its ability to infect and cause disease 
(chytridiomycosis), both between and within amphibian host species. Some amphibian 
hosts appear seemingly unaffected by disease, whereas others may experience 
mortality and subsequent population decline (Bosch et al. 2001, Woodhams et al. 2007, 
Bielby et al. 2008, Fisher et al. 2009a). Variation appears to extend to different 
amphibian age-classes and life-history stages, with metamorphic animals suffering the 
most severe effects (Berger et al. 1998). Larval stages can survive with heavy infection 
(Rachowicz and Vredenburg 2004) although it is possible that associated indirect costs 
are incurred (Garner et al. 2009b). However, there appears to be a continuum of 
susceptibility to Bd, with some species falling somewhere in-between the two extremes 
of resistance and susceptibility to lethal disease. A recent European-scale analysis 
showed that certain clades are consistently over infected when Bd is present, others are 
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consistently under-infected, but some clades may exhibit unpredictable patterns of 
infection (Baláž et al. 2013b). Often this continuum of susceptibility can be a product of 
environmental, host and pathogen specific factors (Gervasi et al. 2013) and, accordingly, 
a number of researchers have tried to disentangle the main factors that determine the 
dynamics of Bd and chytridiomycosis.  
 
Many studies have highlighted how environmental factors affect species susceptibility 
and response to Bd infection. Across the Iberian Peninsula, Bd infection in Alytes 
obstetricans was inversely related to exposure to ultraviolet radiation (UVB), where 
populations present in areas with a low temperature minima and at high altitude had a 
significantly increased risk of mortality (Bosch et al. 2007, Walker et al. 2010, Ortiz-
Santaliestra et al. 2011). Experiments have also shown that temperature can have 
dramatic effects on the outcome of infection with Bd. High temperatures have been 
shown to aid recovery from infection, while in others, lower temperatures can impair 
recovery and lead to increases in prevalence and infection burden (Woodhams et al. 
2003, Berger and Speare 2004, Ribas et al. 2009). It is likely that such responses are a 
result of complex interactions between species-specific host immune response, and the 
strain-specific thermal tolerances of the pathogen, with an individual’s chance of 
becoming infected and suffering ill-effects varying over time and space. For example, 
the probability of infection in B. bufo toadlets increased if individuals were exposed to a 
warmer (a poor) overwintering regime, but if infection established, the proliferation of 
Bd was high in toadlets who experienced a colder (a good) overwintering regime 
(Garner et al. 2011), suggesting the severity of infection could vary year to year 
depending on changes in temperature. A dramatic variation in the prevalence of 
chytridiomycosis was demonstrated throughout the year in Stony creek frogs (Litoria 
wilcoxii), which closely tracked climatic changes (Kriger and Hero 2006). Further, Raffel 
et al. (2012) described how variation in susceptibility to infection could also occur over 
short time scales, depending on month-to-month temperature variation. If this 
temperature variation was large (mainly an increase in temperature drops) adult frogs 
suffered a heavier Bd burden, which could lead to an increase in population declines 




Despite many years of study into host susceptibility to Bd, there is very little 
information on how species susceptibility to infection may vary within a community of 
amphibians, with even less data present as to how this variation may change over time. 
A number of studies have produced detailed and thorough studies looking at how Bd 
can impact on a specific, often highly susceptible, species within a community (Briggs et 
al. 2010, Vredenburg et al. 2010, Reeder et al. 2012). Unfortunately additional sampling 
of other, usually less susceptible species, within the same community is rarely done (but 
see Bielby et al. 2013). As most studies focus on a single susceptible species, they are 
generally unable to highlight inter-specific infection dynamics within that system, and 
hence do not identify any changes in susceptibility or resistance within a community 
over time. For this chapter, I focused on sampling three species of amphibian present in 
the same lake environment. A recent European risk analysis, looking at the trends of 
infection with Bd amongst amphibians showed that the three species in question 
include a species which is continually over-infected, the midwife toad (Alytes 
obstetricans), one which is continually under infected, the common frog (Rana 
temporaria), and one with an intermediate level of susceptibility, the common toad 
(Bufo bufo) (Baláž et al. 2013b). Here I examine the response to Bd over time in these 
three host species of amphibians, aiming 
 
i) To quantify how three common species vary in terms of infection prevalence and 
infection burden both to each other, and over time, 
ii) To determine whether, by using this data, I can infer if any one of the three species 
has the capacity to act as a biological reservoir of infection within this system,  
iii) To look for associations between water temperature and the prevalence of infection 




Materials and methods  
Sampling of prevalence and intensity of Bd 
Sampling was carried out between 2007 and 2013 at lac Arlet (see Chapter One for 
details). I used sterile cotton swabs to sample two life stages of A. obstetricans (over-
wintered larvae (tadpoles) and recent metamorphs), and also recent metamorphs of B. 
bufo and R. temporaria, (see Chapter Two for details on sampling technique). I sampled 
larvae in July, before the start of metamorphosis, and sampled metamorphs of all three 
species at peak metamorphic emergence (based on an anecdotal estimate of when the 
maximum numbers of metamorphs of the species in question were visible). I visited the 
lake on average every four days so as not to miss this metamorphic emergence peak. 
The peak time point varied slightly from year to year, but was almost always during the 
month of August (Table 6.1). All swab samples were stored at 4°C until processing could 
take place. In 2007, toe clips were taken from metamorphic A. obstetricans, (Walker 
2008; page 63). Briefly, a 2-3mm toe clip was taken from a hind foot, using a sterile 
scalpel blade, and stored individually in 70% ethanol.  
 
Bd DNA extraction and qPCR 
I assessed the presence/absence of Bd-DNA by quantitative PCR (qPCR), following the 
protocol of Boyle et al. (2004) and as described in detail in my methods chapter 
(Chapter Two). Briefly, I extracted swabs using a bead-beating protocol and processed 
all samples via qPCR.  
 
Mortality counts and histopathology 
Live and dead A. obstetricans metamorphs were counted at least twice during 
metamorphic emergence, as described in Chapter Five, page 91. The total number of 
both live and dead metamorphs encountered each year has been included in this 
chapter, and this data has been supplemented by previously collected data from 2007 to 
2009 (minus the total number of live metamorphs seen, which was not available). I 
collected all fresh R. temporaria carcasses found around the edge of the lake and stored 
them in 10% formalin for histopathology. In the lab, I prepared histology cassettes using 
the hind legs, front legs and the skin over the pelvic patch for each individual. All 
cassettes were sent to Abbey Veterinary Services, where three levels per section of 
tissue were prepared using a standard Haematoxylin & Eosin stain. Histopathological 
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examinations for evidence of Bd infection and the presence or absence of the disease 
chytridiomycosis were conducted by an experienced veterinary pathologist (A. 
Cunningham, Institute of Zoology, London). A. obstetricans carcasses were not collected 
for this purpose, as it was determined previously that mortality in this species was most 
likely a direct result of the disease chytridiomycosis (Walker. 2008, pages 123-124). 
 
Environmental sampling: Water temperature 
I monitored the water temperature with the use of a data logger (HOBO Water 
Temperature Pro v2 Data Logger - U22-001). I positioned the logger approximately half 
a meter below the water surface, attached to a large rock with non-perishable wire. The 
logger was configured to take a reading of the water temperature every half an hour 
throughout the year to characterize seasonal changes. Where possible, information on 
the date of the onset of season and the end date of season was extracted for each year. 
By onset of season I am referring to the point at which the snow starts to melt, as this is 
the time when amphibian breeding often begins (Reading 1998). I defined onset as the 
first day with an average temperature of 1°C or higher, indicated as Julian days (i.e. day 
1 being the 1st January). The end of season was defined as the point at which the 
average daily temperature dropped below 5°C, as amphibians will enter hibernation 
around this temperature (Reading 1998). This allowed the activity period (total number 
of possible ‘active days’ for amphibians) to be calculated by subtracting the onset of 
season from the end of season.  
 
 
Table 6.1: Swabbing dates for recent metamorphs of the three focal species at lac Arlet from 
2007-2013. N/A indicates that no swabs were collected.  
 
         Year Date each species was sampled 
 Ao Bb Rt 
2007 15th August N/A N/A 
2008 13th August 17th August 17th August 
2009 13th August 16th August 16th August 
2010 13th August 19th August 20th August 
2011 12th August 12th August 19th August 
2012 14th August 14th August 14th August 






I carried out all statistical analyses using the statistical software package ‘R’, version 
3.0.0 (R Core Team 2013). I used Fisher’s Exact Tests to compare the differences in the 
prevalence of infection in i) both A. obstetricans metamorphs and larvae, over the years 
2007 (or 2008 for larvae) to 2013, ii) in B. bufo compared to R. temporaria over the 
years 2008 to 2012 and iii) between both B. bufo and R. temporaria compared to A. 
obstetricans over the years 2008-2013 (2012 for B. bufo). 
 
I used negative binomial regression models (function glm.nb from the R-package MASS) 
to look for any differences in the intensity of infection (GE values) over the years, within 
and among species. Details outlining the reasons behind the use of negative binomial 
regression models can be found in my methods chapter, Chapter Two. Likelihood ratio 
tests were used to assess each models overall significance, and all significant models 
were reduced down to minimum adequate models. Where necessary, Tukey post-hoc 
tests were applied to allow pairwise comparisons.  
 
I used Generalized Linear Models (GLM) using a binomial response (logistic regression) 
to correlate the prevalence of Bd in both R. temporaria and B. bufo to the timing of the 
season (onset of season), and a likelihood ratio tests to assess the effect. I calculated a 
generalized adjusted R² to assess the predictive power of each model (Heinzl and 
Mittlböck 2003). 
 
Using the temperature data, I was able to determine the date of the onset of season for 
all years but 2010, as this data was missing (Figure 6.1). However, I found a strong 
association between the onset of season and the date at which the first A. obstetricans 
metamorph was seen in the years excluding 2010 (t= 7.724; p = 0.005, adjusted R² = 
0.94, Figure 6.2). Using this strong association, I predicted the onset of season in 2010 
by calculating the intercept for that year and included the predicted value in all analyses 
concerning onset of season. I calculated the total number of active days for 2008 and 









Figure 6.1: Water temperature profile for lac Arlet for the years 2008 to 2013. The dots and dashed lines indicate the first day averaging 




Figure 6.2: Relationship between the onset of season (the first day with an average 
temperature of 1°C), and the day of the first sighting of an A. obstetricans metamorph. Graph 
shows Julian Day numbers (JDN), when one= 1st January. Adjusted R-squared = 0.936.  
 
Table 6.2: Table showing the dates (in Julian days) of the onset of season (i.e. the point at which 
the water temperature of lac Arlet rose above 1°C), the end of season (i.e. the point at which the 
water temperature dropped below 5°C), and the total number of ‘active days’ within a given 








2008 161 302 141 
2009 149  -   - 
2010 137 295 158 
2011 119 298 179 
2012 144 302 158 




Prevalence of Bd infection 
A high prevalence of infection was detected in both the over-wintered and metamorphic 
life stage of A. obstetricans, throughout the sampling period (Figure 6.3, Table 6.3). The 
prevalence of Bd varied throughout 2008 to 2013 in both B. bufo and R. temporaria 
metamorphs (Figure 6.3; Table 6.3). I found no significant difference between the 
prevalence of infection detected in B. bufo compared to R. temporaria within any year, 
but the prevalence of infection in both species was significantly lower than that seen in 
A. obstetricans in 2008 and 2012 (Fisher’s exact test, p=0.023), and significantly lower 
in R. temporaria than in A. obstetricans in 2009 and 2013 (Fisher’s exact test, 2009 
p<0.001; 2013 p = 0.005).  
 
 
Figure 6.3: Sample prevalence of B. dendrobatidis infection detected via swabs in metamorphs 
from all three species and the over-wintered tadpole of A. obstetricans (A. obstetricans OW), 
from 2007 to 2013. The asterix (*) next to the symbols indicate that a significant difference was 
detected between the prevalence of infection in the metamorphs of  A. obstetricans  compared to 






Table 6.3: Summary statistics for the sample prevalence and intensity of infection with B. 
dendrobatidis, detected via swabs in A. obstetricans OW larvae and metamorphs, and both B. 
bufo and R. temporaria metamorphs, from 2007 to 2013. The prevalence of infection is shown 
with 95 % Sterne’s Exact Confidence Intervals (S-CI). The mean intensity of infection (GE) is 
shown together with +/-1SE. NI/SS =number infected, out of ‘n’ sample size.  
 
Species Year NI/SS Prevalence(S-CI) GE +/- 1 SE 
 2008 11/11 1.00 (0.74  to  1.00)       102 +/- 73 
A. obstetricans 2009 51/51 1.00 (0.93  to  1.00)       157 +/- 25 
OW larvae 2010 30/30 1.00 (0.89  to  1.00)       183 +/- 30 
 2011 30/30 1.00 (0.89  to  1.00)       167 +/- 27 
 2012 30/30 1.00 (0.89  to  1.00)          78 +/- 15 
   2007 45/45 1.00 (0.92  to 1.00) 54,544 +/- 22,505 
   2008 9/11 0.82 (0.50  to  0.97)           77 +/- 32 
A. obstetricans   2009 29/31 0.94 (0.80  to  0.99)        328 +/- 151 
Metamorphs   2010 31/31 1.00 (0.89  to  1.00)    1,508 +/- 414 
   2011 30/30 1.00 (0.89  to  1.00)        537 +/- 139 
   2012 29/30 0.97 (0.82  to  1.00)    2,000 +/- 592 
   2013 27/27 1.00 (0.88  to  1.00)    1,043 +/- 295 
 2008 11/27 0.41 (0.24  to  0.60)          0.4 +/- 0.1 
B. bufo 2009 24/34 0.77 (0.60  to  0.89)       13.6 +/- 6.6 
Metamorphs 2010 27/30 0.90 (0.74  to  0.97)          4.8 +/- 2.6 
 2011 33/33 1.00 (0.90  to  1.00)    143.7 +/- 68.4 
 2012 19/30 0.63 (0.45  to  0.79)          1.0 +/- 0.2 
   2008 10/29 0.35 (0.18  to  0.53)       14.9 +/- 4.8 
   2009 16/30 0.53 (0.35  to  0.70)          2.1 +/- 1.4 
R. temporaria   2010 28/30 0.93 (0.79  to  0.99)          2.1 +/- 0.4 
Metamorphs   2011 30/30 1.00 (0.89  to  1.00)          8.9 +/- 2.2 
   2012 16/30 0.53 (0.35  to  0.70)          3.1 +/- 1.2 
   2013 19/30 0.63 (0.45  to  0.79)          1.8 +/- 0.6 
 
 
Intensity of Bd infection 
 
Year was a significant predictor of infection intensity in A. obstetricans metamorphs 
(chi-sq = 183, df =6, p<0.001) and OW-tadpoles (chi-sq = 16, df =4, p = 0.003), B. bufo 
metamorphs (chi-sq = 109, df =4, p<0.001), and R. temporaria metamorphs (chi-sq = 49, 
df =5, p <0.001), Table 6.3.   
 
In A. obstetricans OW tadpoles, infection intensity was significantly greater in 
2009/2010/2011 compared to in 2012 (Tukey: p<0.001). No other significant 
differences were detected. In A. obstetricans metamorphs, infection intensity was 
significantly greater in 2007 than any other year (Tukey: p<0.001), significantly weaker 
in 2008 compared to both 2009/2010 (Tukey: p = 0.026) and 2010/2012/2013 (Tukey: 
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p<0.001), and significantly weaker in 2009/2010 compared to 2010/2012/2013 
(Tukey: p<0.001). Therefore, the rank order of infection intensity in these metamorphs 
was (2007) > (2010/2012/2013) > (2009/2011) > (2008), (Figure 6.4).  
 
In B. bufo, infection intensity was significantly greater in 2011 than in any other year 
(Tukey: p<0.001) and infection intensity in 2009/2010 was significantly greater when 
compared to 2008/2012 (Tukey: p<0.001). Therefore, the rank order of infection 
intensity in B. bufo was (2011) > (2009/2010) > (2008/2012).  
 
In R. temporaria infection intensity was significantly greater in 2008/2011 when 
compared to all other years (z = 6.96, df = 1, p<0.001), with no differences seen among 
factor levels (Figure 6.4).  
 
The overall infection intensity throughout the years 2008 to 2013 (2012 for B. bufo) in 
both R. temporaria and B. bufo was significantly weaker than the overall infection 
intensity detected in A. obstetricans (Tukey: p<0.001). Further, the overall infection 
intensity of R. temporaria across years was significantly weaker than that detected in B. 
bufo (Tukey: p<0.001). Therefore, the rank order of infection intensity among species 
was A. obstetricans > B. bufo > R. temporaria.  
 
See Appendix Four for tables showing all Tukey post-hoc analysis for all comparisons of 







Figure 6.4: Boxplot showing the infection intensity (Bd DNA, in genomic equivalents, GE) 
detected in metamorphs of three different species at lac Arlet over a 7 year period. Values have 
been log transformed and box plots display the median Log (GE) (horizontal black line), 25th 
and 75th percentiles (coloured boxes), 10th and 90th percentiles (whiskers), and all points that 
lie outside of the 10th and 90th percentiles (  ͦ ). 
 
Environmental parameter, water temperature 
I found a significant effect of onset of season on the prevalence of infection with Bd in 
both B. bufo, and R. temporaria, but I found no effect in A. obstetricans, (Table 6.4; 
Figures 6.5 to 6.7). The predictive power of the significant models were, B. bufo  
(Adjusted R²=0.19) and R. temporaria (Adjusted R²=0.08) 
 
 
Table 6.4: Results from three separate likelihood ratio tests of the effect of onset of season on 
prevalence in B. bufo, R. temporaria and A. obstetricans. The number of Degrees of Freedom (df) 
the model has used is shown, along with the deviance, the residual degrees-of-freedom, the 
residual deviance and the p value.  
  
 Df Deviance Resid.Df Resid.Dev p value 
NULL   150 168.16  
Bb 1 33.328 149 134.83 <0.001 
NULL   178 228.33  
Rt 1 19.196 177 209.14 <0.001 
NULL   159 44.49  
Ao 1 0.599 158 43.90   0.439 
2007       2008                   2009                 2010                2011                  2012          2013 
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Figure 6.5: The relationship between the presence of Bd and the onset of season in B. bufo 
metamorphs over the years 2008 to 2012. The coloured circles correspond to a particular year 
and the size of the circle corresponds to the total number of Bd positive (1.0) or negative (0.0) 
individuals in that year, indicated numerically inside the circle. The black line represents the 




Figure 6.6: The relationship between the presence of Bd and the onset of season in R. 
temporaria metamorphs over the years 2008 to 2013. The coloured circles correspond to a 
particular year and the size of the circle corresponds to the total number of Bd positive (1.0) or 
negative (0.0) individuals in that year, indicated numerically inside the circle. The black line 






Figure 6.7: The relationship between the presence of Bd and the onset of season in A. 
obstetricans metamorphs over the years 2008 to 2013. The coloured circles correspond to a 
particular year and the size of the circle corresponds to the total number of Bd positive (1.0) or 
negative (0.0) individuals in that year, indicated numerically inside the circle. The black line 
represents the predicted prevalence as a function of the start of season.   
 
 
Mortality counts and histopathology 
The number of A. obstetricans metamorphs encountered around the edge of the lake 
varied each year (Figure 6.8). 2010 saw the highest overall abundance of metamorphs, 
and also demonstrated the highest percentage of dead metamorphs of the total 
abundance (Table 6.5). I collected five R. temporaria mortalities in 2011 and 10 in 2012, 
which were all sent for histological sectioning. Microscopic analysis of the slides 
revealed that one out of five in 2011 was infected with Bd, as were three from 2012. 
Two samples were conclusive enough to say that the animal in question suffered 










Figure 6.8: showing the overall number of A. obstetricans metamorphs encountered at the edge 
of lac Arlet, divided into dead (dark grey) and live (light grey). The actual number collected is 





Table 6.5:   The number of both dead and live metamorphs encountered around the edge of lac 
Arlet over the years 2010 to 2013. The total number of metamorphs encountered is shown, 
along with the % of dead metamorphs out of the total.  
 
Year Dead Live Total % dead 
2010 442 566 1008 0.44 
2011 73 316 389 0.19 
2012 148 342 490 0.30 










































Figure 6.9: Histology slide showing a section from the hind legs of a deceased R. temporaria 
metamorph. The image shows clear evidence of the disease chytridiomycosis: the edge of the 
epithelium is thickened, with disrupted skin layers. The two long arrows point to two of many 
sporangia full of zoospores, and the two short arrows point to empty sporangia cases (once 






In this chapter, I examined how the degree of infection varied temporally in the three 
amphibian species A. obstetricans, B. bufo and R. temporaria that are presumed to differ 
in their susceptibility to Bd infection (Baláž et al. 2013b). In some locations, populations 
of A. obstetricans have suffered severe declines and local extinctions which was 
attributed to infection with Bd (Bosch et al. 2001, Walker et al. 2010). In my study A. 
obstetricans was by far the most consistently infected species, exhibiting a high 
prevalence and burden of infection throughout the study period. I detected a high 
prevalence of infection in A. obstetricans metamorphs and a significantly greater burden 
of infection compared to the other two species. In addition to this I found numerous 
dead A. obstetricans metamorphs each year. It is possible that this species has the ability 
to act as a biological reservoir, but it is unlikely that the metamorphic stage has the 
potential to do so. A reservoir species needs to carry a high prevalence of infection and 
be able to maintain infection over time in order to transmit infection to other species 
within the same environment (Begon 2008). Metamorphs are present for only a brief 
time during the year and high mortality rates remove many individuals from the 
system, however, the carcasses may have the potential to maintain infection within the 
system over a short time period. On the contrary, a large number of A. obstetricans over-
wintered larvae (tadpoles) are present within this lake at all times, despite the high 
mortality rates seen in the metamorphs, and this life-stage maintained a prevalence of 
infection of 100% throughout the years.  
 
Often larval stages of most amphibians are found at great densities and are more 
numerous than metamorphosed juveniles or adults, which often disperse from the 
breeding site quickly and live independently. This life-stage therefore has the potential 
to promote high transmission rates, yet for most species, larvae are only present for a 
part of the year as the process of metamorphosis often occurs within one season. 
However, at high altitudes it is possible for A. obstetricans tadpoles to over-winter for a 
number of years before completing development (Angelier and Angelier 1964; personal 
observation), and the larval stage of the majority of amphibians, A. obstetricans 
included, rarely suffer mortality or visible effects of Bd infection (Berger et al. 1998, 
Bradley et al. 2002, Briggs et al. 2005). It has been suggested that complex life histories, 
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such as those which include an over-wintering period, may allow for the presence of 
intraspecific reservoirs and therefore allow the persistence of a disease between 
different life history stages (Brunner et al. 2004). Previous studies have highlighted the 
possible role that over-wintering tadpoles play in the amplification of infection within a 
system (Rachowicz and Briggs 2007, Briggs et al. 2010), and are consistent with my 
data showing that over-wintered A. obstetricans larvae are likely key to maintaining Bd 
within the lake system.  
 
Initial sampling of the two other most abundant species present, B. bufo and R. 
temporaria revealed some unanticipated results. Here I present evidence that Bd can 
not only be detected in a species which has rarely suffered infection (R. temporaria), but 
that the prevalence of infection increased at a similar rate to that detected in a more Bd 
susceptible species, B. bufo. Prior to this study, R. temporaria has rarely been found to 
carry infection (7/186 individuals; www.bd-maps.net) and to my knowledge has never 
been observed to suffer chytridiomycosis. According to a recent risk assessment, this 
species is under-infected relative to other species in the same area (Baláž et al. 2013) 
and experimentally, even when dosed with high quantities of Bd, no detectible signs of 
infection were found (Bielby and Garner unpubl. data). Here, however, histological 
analysis provided the first evidence of mortality in this species as a result of the disease 
chytridiomycosis. Despite evidence of disease-induced mortality in this species, so few 
R. temporaria mortalities were found that, at present, it is unlikely infection with Bd will 
have a severe impact on this population. It is possible that due to the small size of the 
metamorphic stages of both R. temporaria and B. bufo mortalities were missed, so a 
more thorough search effort along with accurate abundance estimates would be needed 
to conclude this.  
 
On the contrary, B. bufo has been observed to become infected and suffer mortality as a 
result of exposure to Bd, but infection can be dose and life stage-dependant (Garner et 
al. 2009b). When present in areas with high levels of Bd, the effects of infection were 
less severe and the prevalence lower than that detected in A. obstetricans (Bosch and 
Rincón 2008). Although I have no evidence to say more conclusively, I believe it is 
highly possible that spill-over of infection has occurred from A. obstetricans into the 
other two species. Spill-over can occur once the pathogen reaches a high prevalence in a 
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reservoir species, with subsequent pathogen spill-over into another available host 
(Power and Mitchell 2004), which would fit with the results demonstrated here.  
 
The prevalence of infection in both R. temporaria and B. bufo increased dramatically in 
2010 (93 and 90% respectively), which could be interpreted as an indication of density 
dependent transmission. 2010 demonstrated by far the highest overall abundance of A. 
obstetricans metamorphs, with a relatively high average infection intensity. This year 
also saw the highest % mortality of the overall abundance, with almost half of all 
individuals encountered being deceased. It could be that the increase in prevalence of 
infection in 2010 for the other two host species was a direct result of the increased 
density of infected A. obstetricans in this year, coupled with the high infection intensity 
in those individuals. However, the prevalence of infection in both B. bufo and R. 
temporaria continued to increase the following year, despite a possible decrease in the 
overall abundance of A. obstetricans, as indicated by counts of live/dead metamorphs. 
Interestingly, I noted a sharp drop in the prevalence of infection for B. bufo and R. 
temporaria following the peak in 2011. Environmental drivers often play a major role in 
the probability of a host being exposed to an infectious parasite (Wilson et al. 2002). 
The onset of season varied considerably among years and I found that the onset of 
season had a significant effect on the prevalence of infection in both B. bufo and R. 
temporaria, yet the explanatory power of the models used to assess this effect was low 
(19% and 8% for B. bufo and R. temporaria respectively). There was no effect on the 
prevalence of infection in A. obstetricans, perhaps due to the highly susceptible nature of 
this species. The timing of the end of season showed little variation between years, 
meaning the activity period in years which had an early season was much increased. 
Unfortunately, I was unable to record at what time both R. temporaria and B. bufo laid 
egg masses in the lake or when metamorphosis began, but these species are known to 
be present just after ice-melt (Miaud et al. 1999, Schmeller and Merilä 2007). Therefore, 
it is likely that in years with early ice-melt, amphibians laid eggs earlier, resulting in an 
increased length of exposure to Bd and this may have caused the observed increase in 
the prevalence of infection in both species.  
 
An extensive list of ecological outcomes which could be coupled with or impacted by 
this change in onset of season/season length exists. It is likely many factors are working 
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together and the low power of the models may indicate that we are seeing an indirect 
effect of the onset of season on the prevalence of infection in these species. For example, 
a change in the onset of season could result in a change in the overall hibernation period 
of breeding adults. Some studies show that a decreased hibernation period can result in 
the breeding female producing fewer, possibly lower quality eggs (Green 2002, Reading 
2007), therefore a change in the onset of season could affect the offspring the following 
year, by reducing their resistance to infection due to poor quality. In one study, field 
sampling in the Pyrenees revealed that risk of infection with Bd was correlated with the 
aquatic microfauna present at a site, and experiments demonstrated that some aquatic 
microfauna have the ability to rapidly reduce the abundance of Bd zoospores through 
ingestion (Schmeller et al. 2013). It is well known that aquatic microfauna have 
seasonal peaks and dips throughout the Spring and Summer, corresponding to the 
availability of nutrients (Scheffer et al. 1997). An extended or reduced season may affect 
the presence of microfauna available to ingest Bd zoospores, affecting the amount of Bd 
in the lake system which could in turn have an impact on infection rate.  
 
Intensity of infection differed amongst years and species, with A. obstetricans suffering a 
significantly higher burden of infection in comparison to the other two species. The 
reason for a particularly high burden of infection detected in A. obstetricans in 2007 
may be due to a difference in sampling method. In this year, toe clipping was the initial 
method of sampling (Walker 2008), which has, in other species, shown to provide an 
increased estimate of burden when compared to a swab, if sampling during the early 
stages of infection  (Hyatt et al. 2007). Although it is feasible that a difference in 
sampling technique could account for the differences in intensity of infection detected, 
previous studies have rarely shown such a large discrepancy (Hyatt et al. 2007). 
Another possibility is that our observations happened to coincide with the initial 
introduction of this infection into a naïve population of susceptible amphibians. It may 
be that infection was introduced shortly before 2007 and the exceptionally high 
infectious burden detected in A. obstetricans was a response to the pathogens 
introduction, which then appears to plateau out. However, if this were the case one 
would expect a high mortality rate in 2007; while many dead individuals were 
observed, I unfortunately do not have data on the ratio of live: dead metamorphs in this 
year. One would expect a species which is more susceptible to disease to harbour a 
 133 
 
higher burden of infection, and A. obstetricans is believed to be a member of one of the 
most readily infected families of amphibian (Baláž et al. 2013b). Considering this, it is 
logical to assume that the intensity of infection would be higher again in B. bufo 
compared to R. temporaria, as B. bufo is believed to be more susceptible to Bd (Bosch 
Bosch and Rincón 2008; Baláž et al. 2013b; www.bd-maps.net; Bielby et al, unpublished 
data.). Although a significantly higher overall burden of infection was detected in B. bufo 
compared to R. temporaria, this appeared to vary from year to year, with some years 
showing R. temporaria to carry a greater burden of infection.  
 
From these results I am unable to distinguish between the relative susceptibility to Bd 
infection of B. bufo and R. temporaria, despite previous research indicating a clear 
difference (Bosch and Rincón 2008, Baláž et al. 2013b). The change in susceptibility to 
Bd over the years in these two species suggests infection is not simply an intrinsic and 
invariant property of the species (and hence constant and predictable), but is likely to 
be affected by biotic and abiotic variables within this systems. It seems that whatever 
the prevailing factors are that are influencing infection dynamics; they are complex, 
which makes it difficult to predict with certainty the level of infection a population will 
experience. Whether the findings of this study indicate a stochastic event or the 
emergence of longer-term cyclical dynamics remains unknown. In order to try and 
distinguish between the two, longer time series are needed and will hopefully be gained 
over the coming years.  What is apparent is that A. obstetricans does appear to be the 
driving force of infection within this system, but environmental factors may affect the 




Chapter 7: General Discussion 
 
It is thought that we are on the brink of a 6th mass extinction, but unlike previous mass 
extinction events, this one is anthropogenic in origin. Amphibians are among the most 
highly threatened of all fully assessed groups, with around one third of all known 
species being classified as globally threatened (IUCN 2008). The gravity of the situation 
is increased due to a further 1,533 species of amphibian being classified as Data 
Deficient, the majority of which are likely to be threatened (IUCN 2008). Amphibians 
are the most abundant land vertebrate in many parts of the humid tropics (Stebbins and 
Cohen, 1995) and they represent a large proportion of the vertebrate abundance and 
biomass in a number of temperate wetland and forest ecosystems (Stewart and 
Woolbright 1996). Within these ecosystems, amphibians occupy extremely important, 
mid-tropic level positions (Whiles et al. 2006) and their loss could have serious 
deleterious ecological effects, not only in terms of a significant loss to global biodiversity 
but also the loss of many direct benefits to humans (Tyler et al. 2007). Knowledge 
regarding the benefits of amphibians to humans is only just being explored, and it seems 
we are only beginning to understand the ecological significance of this group, which 
makes these ongoing drastic declines and extinctions all the more worrying.   
 
Of the many threats that amphibians face, the fungal pathogen Batrachochytrium 
dendrobatidis (Bd) has been the subject of a large proportion of research into amphibian 
declines in the last decade. There is currently no successful mitigation strategy available 
for Bd in the wild, despite current work into this area (Lubick 2010, Woodhams and 
Bosch 2011). It is therefore imperative to determine whether or not intervention is 
necessary, but to do so requires an understanding of the long-term impacts of this 
disease on infected regions. Comparatively few studies exist that have tried to 
disentangle the long term effects of infection in systems, using quantitative field data. In 
order to begin to assess the impact of any disease on a given population, a number of 
fundamental parameters need to be established. Such parameters include population 
abundance estimates and estimates of disease induced mortality. The ability to 
accurately determine both the prevalence and burden of disease is also vital to 
understanding the effects of disease at an individual or population level.  
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The overall aim of my thesis was to begin to understand the population-level impacts of 
Bd in the highly susceptible species, Alytes obstetricans, at a select number of sites. I 
aimed to gather information that would form an evidence-base to clarify whether 
infection with chytridiomycosis has the potential to cause declines in this species across 
the affected region, and whether all populations are equally at risk.  In my thesis I have 
addressed the effects of Bd at different organisational levels, from that of the individual, 
to the population, through to the community level. More generally, other poorly 
understood host-pathogen systems, such as white-nose syndrome in bats and crayfish 
plague (Astanomyces), which have resulted in disease–related declines, would benefit 
from similar, focussed population-levels studies to understand individual and 
population-level responses to pathogen exposure, as illustrated in this thesis. 
 
An individual host’s burden of parasite infection can be an important predictor of 
survival (Bicanic et al. 2007, Garner et al. 2011), therefore one way in which we can 
assess the risk of mortality in an individual is to accurately quantify the level of 
infection suffered. The accuracy of diagnostic tests for high-impact wildlife diseases is 
therefore very important, with poor sensitivity or specificity of tests limiting the 
efficiency of efforts to control disease spread.  For example, the best trap-side test for 
Mycobacterium bovis, the agent responsible for bovine TB is of limited sensitivity 
(~49%), which severely impacts targeted control efforts (Chambers et al. 2008, Bielby 
et al. 2014).  I initially wanted to assess the accuracy of the most widely-used current 
method used to detect and quantify Bd infection. The most commonly used method of 
detection and quantification of Bd is a skin swab which is processed by qPCR, which 
provides both an indication of the presence/absence of Bd DNA and a quantification of 
how much DNA is present in terms of a rough measure of the number of infectious 
zoospores in a sample. The quantitative aspect of this procedure has enabled 
researchers to propose the idea of a threshold of infection, where above a threshold 
value an individual is likely to suffer mortality (Carey et al. 2006a, Briggs et al. 2010). 
This has been further used to suggest that at the level of the population, if the average 
infectious burden is around 10,000 zoospores, declines are likely to occur (Vredenburg 
et al. 2010, Kinney et al. 2011). Such a general rule of thumb could provide a simple way 
to quickly assess the level of threat present for an individual or population of the same 
species, but the reliability of the swab in providing a true indication of the burden 
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suffered by an individual is not clear. My data has shown that such techniques need to 
be applied with caution. Based on my results, I advise that the quantitative aspect of this 
method be only used to infer whether an infectious burden is low, medium or high. The 
current swab/qPCR method provides insights into whether fungal load dynamics play 
an important role in mortality, however, the suggestion of an exact threshold could be 
misleading, especially when disregarding the individual level data and simply focusing 
on the average infection intensity of a group. My data did provide evidence that high 
burdens of infection in the Pyrenean system are likely to result in mortality in recently 
emerged metamorphic Alytes obstetricans, and when detecting a Bd value in the 
thousands, regardless of whether that individual may appear visually healthy, it is likely 
that the burden of infection is too great for long-term survival.  
 
A further important factor dictating the survival of a host infected by a pathogen is 
whether a host is able to survive whilst harbouring a low infectious burden, as the 
survival of some individuals could increase the overall chance of population persistence. 
I have found that low-level infection at the metamorphic stage is present at some sites, 
which may suggest that these populations are able to persist. Ex-situ data strengthened 
the idea of population persistence whilst harbouring low-level infection, as all the 
individuals who had their Bd infections cleared or dramatically reduced by the 
application of itraconazole (Chapter Five) survived for at least 50 days post-
metamorphosis, with some evidence of possible self-clearing of low-level infections. 
Although these laboratory-held individuals cannot be regarded as truly representative 
of individuals suffering low infectious burdens in the field, I believe they do provide 
strong evidence that individuals with low level infection have a much greater chance of 
survival. An increasing number of studies are recording negative impacts following the 
use of itraconazole in treating Bd (Garner et al. 2009a, Pessier and Mendelson 2010), so 
the idea that the treatment had any additional benefits, other than clearing Bd is 
unlikely.  
 
This level of Individual survival or mortality will affect the outcome in terms of 
population persistence or decline. The ability to gain accurate host abundance estimates 
are necessary in order to monitor the impact of disease, or indeed any threat process, 
on a population over time. Amphibians can be difficult taxa to gain accurate estimates of 
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abundances in the wild. Previous studies have used capture-mark-recapture (CMR) 
methods focused on breeding adults (Pilliod et al. 2010, McCaffery and Lips 2012) or 
counts of either tadpoles or adults (Courtois et al. 2013, Doddington et al. 2013). Visual 
counts of amphibians can incur errors, for example, many animals are cryptic and will 
simply be missed, and the differences in the visual estimates can vary greatly between 
different people. Although CMR in adults has been successful, this method can only be 
applied if this life-stage is easily accessible. Acoustic analysis to monitor the number of 
calling breeding adults has been used to monitor population sizes (Tobler et al. 2012, 
Courtois et al. 2013), but this too is open to many errors. I have demonstrated that the 
larval stages of amphibians provide a good life-stage to assess changes in abundance 
over time if monitoring the adult life-stage is not feasible. To my knowledge, this is the 
first study to provide data on amphibian abundance over time using CMR methods at 
this life-stage. This could be applied in other similar systems to more accurately 
monitor host abundance over time.  
 
To assess whether a population is persisting or declining over time, gaining estimates of 
host population abundance are vital. By implementing CMR studies using visible 
implant elastomer (VIE), I have provided evidence to suggest that even in a population 
that is highly susceptible to Bd, host persistence is possible. Not only was host 
persistence demonstrated in one population, but abundance dramatically increased.  
Most evidence to date which suggests that Bd can persist in an endemic state does so 
with a much lower host density than was present prior to disease (Retallick et al. 2004, 
Briggs et al. 2010). I have observed that one Bd positive population went on to flourish 
after an initial decline in host abundance was observed. However, I have also shown 
that host abundance seems to decline following initial Bd introduction. Future work 
would hopefully try to clarify the reasons behind these two opposing outcomes of Bd 
infection on host abundance. It may simply be a case of time, whereby as the naïve 
population begin to build up some level of resistance, population recovery is possible. 
Or we could be observing different time points of cyclicity, which has been 
demonstrated in other infectious diseases (Grassly et al. 2005). Differences in the 
adaptation of host or pathogen may play a role here, and this would be an interesting 
area to investigate. Bd has been isolated from all populations in this thesis and 
phylogenetic analysis shows that all isolates from the Pyrenees are closely related 
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(Farrer et al. 2011; Fisher et al. unpublished data), therefore the differences in response 
to infection are perhaps more likely associated with the host. Many people have begun 
to look at the presence and the differences in both host adaptive and innate immunity 
(Rollins-Smith et al. 2002, Woodhams et al. 2006, 2007, Ramsey et al. 2010, Conlon 
2011, Murphy et al. 2011) and this would be an interesting avenue to explore in this 
Pyrenean system.  
 
Additional pressures in combination with the presence of disease, such as the 
introduction of a known predator will have devastating effects on small populations of 
hosts. I have shown that the introduction of trout into a small Bd positive population of 
amphibians is likely to cause severe declines. Trout are commonly introduced into high 
elevation lakes for recreational fishing, either legally or illegally and even in the absence 
of disease this can cause declines or even local extinctions of amphibian populations 
(Bradford 1989, Knapp and Matthews 2000, Vredenburg 2004, Knapp et al. 2007). It is 
thought that the expansion of introduced trout into high elevation lakes in the USA 
would not only cause declines of amphibians in lakes occupied by trout, but could have 
a knock-on effect on amphibian populations across the entire landscape, by reducing 
the number of suitable breeding or over-wintering habitats (Pilliod and Peterson 2001). 
Although the level of trout introduction in the Pyrenean system has not been fully 
assessed, it is possible that introduced trout could lead to more serious implications for 
amphibian populations within this region. I advise that the introduction of fish into 
areas where the amphibian population is potentially at risk, not only from disease but 
any other threat, be seriously considered. Further, Bd has been detected in amphibians 
which breed in fish hatcheries in the USA (Green and Dodd Jr 2007). A possible source 
of Bd introduction into alpine lakes may be the introduction of fish, held in infected 
water, into these lakes. This is an avenue which I believe needs exploring in the future.   
 
Rate of mortality as a result of disease has an impact on overall population trajectories, 
most notable in wildlife disease systems such as white-nose syndrome in bats (Frick et 
al. 2010), and crayfish plague in white-clawed crayfish (Holdich and Reeve 1991). It is 
often very difficult to monitor mortality rates in the wild; one way to address this 
problem is to provide comparative data from a field and laboratory environment. To my 
knowledge, Chapter Five provides the first comparative study which compares field 
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estimates of Bd related mortality to estimates gained in a laboratory set-up, of the same 
populations. The occurrence of mortality is often used to assess the impact of Bd in an 
area. I have shown at least in one site that mortality in this highly susceptible species is 
cryptic, and field observations cannot always be relied upon to provide a realistic 
indication of the effects of Bd.  Indeed, if the observed level of mortality in my 
laboratory set-up was truly representative of disease induced mortality in the field, 
estimates gained from visual surveys in the field would consistently underestimate the 
true rate of disease induced mortality. However, the exceptionally high burdens of 
infection detected in some laboratory held individuals, in comparison to those detected 
in the field, made it difficult to more confidently compare mortality rates between the 
two.  
 
Given that most parasites infect more than one host (Fenton and Pedersen 2005), 
disease ecology should not only focus on how a parasite affects an individual species or 
population but consider the impact of disease in a broader context of the wider 
community of potential hosts. Following on from the population level effects of Bd 
infection, I attempted to begin to investigate the effects of Bd at the community level. 
Results from my final data chapter, Chapter Six, provided some valuable and intriguing 
results into infection in a multi-species community, consisting of species with varying 
susceptibility to disease. Unfortunately, it appears difficult to predict with certainty the 
level of infection a given species will experience, regardless of their presumed 
susceptibility to Bd. Therefore where possible it is advisable to monitor all potential 
hosts present to fully understand the effects of Bd within a community, rather than 
focussing on the most Bd susceptible species. I have provided the first evidence that 
Rana temporaria, a presumed relatively resistant species (Baláž et al. 2013b), can suffer 
from chytridiomycosis, which could have implications for this species in other 
communities.  
 
I also provide evidence of a possible environmental driver of infection in both Bufo bufo 
and R. temporaria as I found that the onset of season had a significant effect on the 
prevalence of infection in these two species. An early onset of season resulted in a 
greater prevalence of disease in B. bufo and R. temporaria. Further environmental 
variables, such as rainfall and humidity will hopefully be gathered over the coming year 
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and I would like to incorporate these into my analysis for a more thorough insight into 
the effect of climate. Although I have not considered climate change to be a driver of 
such differences in the onset of season, it could be applicable in some areas and this is a 
simple effect to monitor over time and one which I think would be insightful in many 
systems. More generally, although this thesis focusses on amphibian-Bd system, the 
approach taken could be useful in other wildlife diseases systems to elucidate how 
individual and population-level effects of a given disease may impact on the wider 
community of hosts.  
 
Although not investigated in this thesis, the possibility of evolutionary mechanisms 
leading to differences in infection patterns and host response to exposure over time 
could be investigated. All isolates identified within the Pyrenees were isolated from A. 
obstetricans. However, previous research identified a number of different Bd isolates 
present within one lake in Spain, and under experimental conditions those isolates 
varied in their virulence (Farrer et al. 2013). Although no quantitative evidence exists, 
A. obstetricians appear to be declining; it is possible that Bd has evolved over time to 
become more virulent in less susceptible species, as a result of the decline of its 
preferred host. This could result in a breakdown of any density dependent transmission 
which may occur, enabling the survival of Bd within a system. A host may be able to 
respond to such changes in virulence, as amphibians do possess both adaptive and 
innate immunity (Rollins-Smith et al. 2002, Woodhams et al. 2006, 2007, Ramsey et al. 
2010, Conlon 2011, Murphy et al. 2011), but such changes would presumably occur at a 
slower rate than in Bd, due to the pathogens extremely fast generation time. Such co-
evolution is a common outcome of many host-pathogen relationships (Agrawal and 
Lively 2002). Another possible mechanism leading to the survival of Bd could be if the 
pathogen was able to evolve to survive outside of the host. In such instance, infection 
would occur regardless of a decline in the host population, possibly leading to extremely 
low host population numbers. There is some evidence an environmental state of Bd 
(Johnson and Speare 2003), but this has not been investigated fully.  
 
In this thesis, I have provided evidence of both disease-induced declines, but also 
persistence of a highly susceptible species present at high altitude locations. Together, 
this thesis contributes to the state of knowledge of understanding the long term effects 
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of infection with Bd and will provide valuable building blocks for further research. Bd is 
a difficult pathogen to study due to its extreme host generality and the extreme 
difference in response, not only between species, but between different populations of 
the same species and even within a population (Bosch et al. 2001, Weldon et al. 2004, 
Tobler and Schmidt 2010, Walker et al. 2010, Briggs et al. 2010, Vredenburg et al. 
2010). I believe it is possible that these populations of A. obstetricans are, on the whole, 
less at risk of extinction that initially presumed. Often when Bd has been introduced into 
populations of this species, rapid declines in numbers are observed, with the 
disappearance of some populations entirely (Bosch et al. 2001). The overall suggestion 
of recovery or decline will hopefully be strengthened in the coming months, as I plan to 
apply models designed by Doddington et al. (2013), based on Mitchell et al. (2008), to 
attempt to predict the long term survival of individuals from the different sites. This will 
hopefully result in more sophisticated predictions of population persistence and enable 
us to determine whether further intervention should be taken.  
 
I believe I have highlighted that when studying an infectious disease, a wider ecosystem 
view needs to be considered. Many studies focus on the host: pathogen interaction, but 
often fail to go beyond this point and consider the population and community level and 
how these may be affected by external influences.  If one wants to truly investigate the 
impact of infection and determine if intervention is necessary then this complex system 
needs to be pulled apart. Much of the current literature on Bd fails to encompass the 






ACAP. 2005. Amphibian Conservation Summit. Amphibian Conservation Action Plan, 
Washington, DC. 
Agrawal, A., and C. M. Lively. 2002. Infection genetics: gene-for-gene versus matching-
alleles models and all points in between. Evolutionary Ecology Research 4:79–90. 
Alexander, K., and M. Appel. 1994. African wild dogs (Lycaon pictus) endangered by a 
canine distemper epizootic among domestic dogs near the Masai Mara National 
Reserve, Kenya. Journal of Wildlife Diseases 30:481–485. 
Almberg, E. S., P. C. Cross, and D. W. Smith. 2010. Persistence of canine distemper virus 
in the Greater Yellowstone Ecosystem’s carnivore community. Ecological 
Applications 20:2058–2074. 
Almberg, E. S., L. D. Mech, D. W. Smith, J. W. Sheldon, and R. L. Crabtree. 2009. A 
serological survey of infectious disease in Yellowstone National Park’s canid 
community. PloS one 4:e7042. 
Altizer, S., A. Dobson, P. Hosseini, P. Hudson, M. Pascual, and P. Rohani. 2006. 
Seasonality and the dynamics of infectious diseases. Ecology letters 9:467–84. 
Anderson, R. M., and R. M. May. 1979. Population biology of infectious diseases: Part I. 
Nature 280:361–367. 
Anderson, R., and R. May. 1981. The population dynamics of microparasites and their 
invertebrate hosts. Philosophical Transactions of the Royal Society of … 291:451–
524. 
Angelier, E., and L. M. Angelier. 1964. Etude d’une population de crapauds accoucheurs 
dans un lac de haute montagne. Comptes Rendus de l’Académie des Sciences, Paris 
258:701 – 703. 
Anholt, B., S. Negovetic, C. Som, and M. R. 1998. Marking tadpoles with VIE. 
http://www.pwrc.usgs.gov/marking/anholt.html. 
Antonovics, J., Y. Iwasa, and M. Hassell. 1995. A generalized model of parasitoid, 
venereal, and vector-based transmission processes. American Naturalist 145:661–
675. 
Baláž, V., M. Kubečková, P. Civiš, R. Rozínek, and J. Vojar. 2013a. Fatal chytridiomycosis 
and infection loss observed in captive toads infected in the wild. Acta Veterinaria 
Brno 82:351–355. 
Baláž, V., J. Voros, P. Civis, J. Vojar, A. Hettyey, E. Sos, R. Dankovics, R. Jehle, D. 
Christiansen, F. Clare, M. Fisher, T. Garner, and J. Bielby. 2013b. Assessing risk and 
guidance on monitoring of Batrachochytrium dendrobatidis in Europe through 
identification of taxonomic selectivity of infection. Conservation Biology 28:1–11. 
 143 
 
Beck, C. W., and J. D. Congdon. 2003. Energetics of metamorphic climax in the southern 
toad (Bufo terrestris). Oecologia 137:344–51. 
Becker, M. H., and R. N. Harris. 2010. Cutaneous bacteria of the redback salamander 
prevent morbidity associated with a lethal disease. PloS one 5:e10957. 
Begon, M. 2008. Effects of host diversity on disease dynamics. Pages 12–29 in R. S. 
Ostfeld, F. Keesing, and V. T. Evine, editors. Infectious disease ecology: effects of 
ecosystems on disease and of disease on ecosystems. Princeton University Press, 
Princeton, New Jersey, USA. 
Begon, M., M. Bennett, R. G. Bowers, N. P. French, S. M. Hazel, and J. Turner. 2002. A 
clarification of transmission terms in host-microparasite models: numbers, 
densities and areas. Epidemiology and infection 129:147–53. 
Belák, S., and P. Thorén. 2001. Molecular diagnosis of animal diseases: some experiences 
over the past decade. Expert review of molecular diagnostics 1:434–443. 
Belák, S., P. Thorén, N. LeBlanc, and G. Viljoen. 2009. Advances in viral disease 
diagnostic and molecular epidemiological technologies. Expert review of molecular 
diagnostics 9:367–381. 
Bellemain, E., J. E. Swenson, O. Tallmon, S. Brunberg, and P. Taberlet. 2005. Estimating 
population size of elusive animals with DNA from hunter-collected feces: Four 
methods for brown bears. Conservation Biology 19:150–161. 
Berger, L., A. D. Hyatt, R. Speare, and J. E. Longcore. 2005a. Life cycle stages of the 
amphibian chytrid Batrachochytrium dendrobatidis. Diseases of aquatic organisms 
68:51–63. 
Berger, L., and R. Speare. 2004. Effect of season and temperature on mortality in 
amphibians due to chytridiomycosis. Australian Veterinary … 82:31–36. 
Berger, L., R. Speare, P. Daszak, D. E. Green, A. A. Cunningham, C. L. Goggin, R. Slocombe, 
M. A. Ragan, A. D. Hyatt, K. R. McDonald, H. B. Hines, K. R. Lips, G. Marantelli, and H. 
Parkes. 1998. Chytridiomycosis causes amphibian mortality associated with 
population declines in the rain forests of Australia and Central America. 
Proceedings of the National Academy of Sciences of the United States of America 
95:9031–6. 
Berger, L., R. Speare, and L. Skerratt. 2005b. Distribution of Batrachochytrium 
dendrobatidis and pathology in the skin of green tree frogs Litoria caerulea with 
severe chytridiomycosis. Diseases of aquatic organisms 68:65–70. 
Bicanic, T., G. Meintjes, R. Wood, M. Hayes, K. Rebe, L.-G. Bekker, and T. Harrison. 2007. 
Fungal burden, early fungicidal activity, and outcome in cryptococcal meningitis in 
antiretroviral-naive or antiretroviral-experienced patients treated with 
amphotericin B or fluconazole. Clinical infectious diseases : an official publication 
of the Infectious Diseases Society of America 45:76–80. 
 144 
 
Bielby, J., S. Bovero, C. Angelini, M. Favelli, E. Gazzaniga, M. Perkins, G. Sotgiu, G. Tessa, 
and T. W. J. Garner. 2013. Geographic and taxonomic variation in Batrachochytrium 
dendrobatidis infection and transmission within a highly endemic amphibian 
community. Diversity and Distributions 19:1153–1163. 
Bielby, J., N. Cooper, A. A. Cunningham, T. W. J. Garner, and A. Purvis. 2008. Predicting 
susceptibility to future declines in the world’s frogs. Conservation Letters 1:82–90. 
Bielby, J., C. A. Donnelly, L. C. Pope, T. Burke, and R. Woodroffe. 2014. Badger responses 
to small-scale culling may compromise targeted control of bovine tuberculosis. 
Proceedings of the National Academy of Sciences of the United States of America 
111:9193–8. 
Blaustein, A. R., J. M. Romansic, E. a. Scheessele, B. A. Han, A. P. Pessier, and J. E. 
Longcore. 2005. Interspecific Variation in Susceptibility of Frog Tadpoles to the 
Pathogenic Fungus Batrachochytrium dendrobatidis. Conservation Biology 
19:1460–1468. 
Bosch, J., L. M. Carrascal, L. Duran, S. Walker, and M. C. Fisher. 2007. Climate change and 
outbreaks of amphibian chytridiomycosis in a montane area of Central Spain; is 
there a link? Proceedings of the Royal Society B: Biological Sciences 274:253–260. 
Bosch, J., I. Martı nez-Solano, and M. Garcı a-Parı s. 2001. Evidence of a chytrid fungus 
infection involved in the decline of the common midwife toad ( Alytes obstetricans) 
in protected areas of central Spain. Biological conservation 97:331–337. 
Bosch, J., and P. A. Rincón. 2008. Chytridiomycosis-mediated expansion of Bufo bufo in a 
montane area of Central Spain: an indirect effect of the disease. Diversity and 
Distributions 14:637–643. 
Boyle, D. G., D. B. Boyle, V. Olsen, J. A T. Morgan, and A D. Hyatt. 2004. Rapid quantitative 
detection of chytridiomycosis (Batrachochytrium dendrobatidis) in amphibian 
samples using real-time Taqman PCR assay. Diseases of aquatic organisms 60:141–
8. 
Bradford, D. F. 1989. Allotopic Distribution of Native Frogs and Introduced Fishes in 
High Sierra Nevada Lakes of California: Implication of the Negative Effect of Fish 
Introductions. Copeia 1989:775–778. 
Bradley, G. A, P. C. Rosen, M. J. Sredl, T. R. Jones, and J. E. Longcore. 2002. 
Chytridiomycosis in native Arizona frogs. Journal of wildlife diseases 38:206–12. 
Briggs, C. J., R. A. Knapp, and V. T. Vredenburg. 2010. Enzootic and epizootic dynamics of 
the chytrid fungal pathogen of amphibians. Proceedings of the National Academy of 
Sciences of the United States of America 107:9695–700. 
Briggs, C., V. Vredenburg, R. Knapp, and L. Rachowicz. 2005. Investigating the 
population-level effects of chytridiomycosis: an emerging infectious disease of 
amphibians. Ecology 86:3149–3159. 
 145 
 
Brunner, J. L., D. M. Schock, E. W. Davidson, and J. P. Collins. 2004. Intraspecific 
Reservoirs: Complex Life History and the Persistence of a Lethal Ranavirus. Ecology 
85:560–566. 
Buenestado, F. J., P. Ferreras, J. A. Blanco-Aguiar, F. S. Tortosa, and R. Villafuerte. 2009. 
Survival and causes of mortality among wild Red-legged Partridges Alectoris rufa 
in southern Spain: implications for conservation. Ibis 151:720–730. 
Burnham, K., and D. Anderson. 1984. Tests of Compensatory vs. Additive Hypotheses of 
Mortality in Mallards. Ecology 65:105–112. 
Burnham, K. P., and D. R. Anderson. 2002. Model selection and multimodel inference: a 
practical information-theoretic approach. 2nd edition. Springer, New York. 
Buskirk, J., and G. Saxer. 2001. Delayed costs of an induced defense in tadpoles? 
Morphology, hopping, and development rate at metamorphosis. Evolution 55:821–
829. 
Carey, C., J. E. Bruzgul, L. J. Livo, M. L. Walling, K. A. Kuehl, B. F. Dixon, A. P. Pessier, R. A. 
Alford, and K. B. Rogers. 2006a. Experimental Exposures of Boreal Toads (Bufo 
boreas) to a Pathogenic Chytrid Fungus (Batrachochytrium dendrobatidis). 
EcoHealth 3:5–21. 
Carey, C., J. E. Bruzgul, L. J. Livo, M. L. Walling, K. A. Kuehl, B. F. Dixon, A. P. Pessier, R. A. 
Alford, and K. B. Rogers. 2006b. Experimental Exposures of Boreal Toads (Bufo 
boreas) to a Pathogenic Chytrid Fungus (Batrachochytrium dendrobatidis). 
EcoHealth 3:5–21. 
Cashins, S. D., L. F. Grogan, M. McFadden, D. Hunter, P. S. Harlow, L. Berger, and L. F. 
Skerratt. 2013. Prior infection does not improve survival against the amphibian 
disease Chytridiomycosis. PloS one 8:e56747. 
De Castro, F., and B. Bolker. 2005. Mechanisms of disease-induced extinction. Ecology 
Letters 8:117–126. 
Chambers, M. A., T. Crawshaw, S. Waterhouse, R. Delahay, R. G. Hewinson, and K. P. 
Lyashchenko. 2008. Validation of the BrockTB stat-pak assay for detection of 
tuberculosis in Eurasian badgers (Meles meles) and influence of disease severity on 
diagnostic accuracy. Journal of clinical microbiology 46:1498–500. 
Chao, A., and R. M. Huggings. 2005. Classical closed-population capture-recapture 
models. Pages 22–35 in S. C. Amstrup, T. L. McDonald, and B. F. J. Manly, editors. 
Handbook of capture-recapture Analysis. Princeton University Press, Princeton. 
Chatfield, M., and C. Richards-Zawacki. 2011. Elevated temperature as a treatment for 




Cheatsazan, H., A. P. L. G. de Almedia, A. F. Russell, and C. Bonneaud. 2013. Experimental 
evidence for a cost of resistance to the fungal pathogen, Batrachochytrium 
dendrobatidis, for the palmate newt, Lissotriton helveticus. BMC ecology 13:27. 
Cleaveland, S., and C. Dye. 1995. Maintenance of a microparasite infecting several host 
species: rabies in the Serengeti. Parasitology 111:S33–47. 
Cleaveland, S., M. K. Laurenson, and L. H. Taylor. 2001. Diseases of humans and their 
domestic mammals: pathogen characteristics, host range and the risk of 
emergence. Philosophical transactions of the Royal Society of London. Series B, 
Biological sciences 356:991–9. 
Comrie, A. C. 2005. Climate Factors Influencing Coccidioidomycosis Seasonality and 
Outbreaks. Environmental Health Perspectives 113:688–692. 
Conlon, J. M. 2011. The contribution of skin antimicrobial peptides to the system of 
innate immunity in anurans. Cell and Tissue Research 343:201–212. 
Cooch, E., and G. White. 2010. Program MARK, a gentle introduction. Pages 1–837 (E. 
Cooch and G. White, Eds.). 9th edition. Available from: www.phidot.org, Colorado 
State University. 
Courtois, E. A, J. Devillechabrolle, M. Dewynter, K. Pineau, P. Gaucher, and J. Chave. 2013. 
Monitoring strategy for eight amphibian species in French Guiana, South America. 
PloS one 8:e67486. 
Craft, M. E., E. Volz, C. Packer, and L. A. Meyers. 2009. Distinguishing epidemic waves 
from disease spillover in a wildlife population. Proceedings. Biological sciences / 
The Royal Society 276:1777–85. 
Cramp, S. 1972. One hundred and fifty years of Mute Swans on the Thames. Wildfowl 
23:119–124. 
Crawley, M. J. 2007. The R Book. Wiley Publishing. 
Cronin, P. J., M. E. Welsh, M. G. Dekkers, S. T. Abercrombie, and C. E. Mitchell. 2010. Host 
physiological phenotype explains pathogen reservoir potential. Ecology letters 
13:1221–32. 
Cunningham, A. A., and P. Daszak. 1998. Extinction of a Species of Land Snail Due to 
Infection with a Microsporidian Parasite. Conservation Biology 12:1139–1141. 
Daszak, P., and A. Cunningham. 2003. Anthropogenic change, biodiversity loss, and a 
new agenda for emerging diseases. J Parasitol 89:S37–S41. 
Daszak, P., A. A. Cunningham, and A. D. Hyatt. 2000. Emerging infectious diseases of 




Daszak, P., A. Strieby, A. A. Cunningham, J. E. Loncore, C. C. Brown, and D. Porter. 2004. 
Experimental evidence that the bullfrog (Rana catesbeiana) is a potential carrier of 
chytridiomycosis, an emerging fungal disease of amphibians. Herpetological 
journal 14:201–207. 
Davidson, E., M. Parris, and J. Collins. 2009. Pathogenicity and transmission of 
chytridiomycosis in tiger salamanders (Ambystoma tigrinum). Copeia 3:601–607. 
Dean, M. D., and J. W. O. Ballard. 2001. Factors affecting mitochondrial DNA quality from 
museum preserved Drosophila simulans. Entomologia Experimentalis et Applicata 
98:279–283. 
Degregorio, B. A., T. E. Hancock, D. J. Kurz, and S. Yue. 2011. How Quickly are Road-killed 
Snakes Scavenged? Implications for Underestimates of Road Mortality. Journal of 
the North Carolina Acedemy of Science 127:184–188. 
Dobson, A. 2004. Population dynamics of pathogens with multiple host species. The 
American naturalist 164 Suppl :S64–78. 
Doddington, B. J., J. Bosch, J. A Oliver, N. C. Grassly, G. Garcia, B. R. Schmidt, T. W. J. 
Garner, and M. C. Fisher. 2013. Context-dependent amphibian host population 
response to an invading pathogen. Ecology 94:1795–804. 
Dowell, S. F. 2001. Seasonal variation in host susceptibility and cycles of certain 
infectious diseases. Emerging infectious diseases 7:369–74. 
Errington, P. 1946. Predation and Vertebrate Populations. The Quarterly Review of 
Biology 21:221–245. 
Ezenwa, V. O., and A. E. Jolles. 2011. From host immunity to pathogen invasion: the 
effects of helminth coinfection on the dynamics of microparasites. Integrative and 
comparative biology 51:540–51. 
Farrer, R. A, D. A Henk, T. W. J. Garner, F. Balloux, D. C. Woodhams, and M. C. Fisher. 
2013. Chromosomal copy number variation, selection and uneven rates of 
recombination reveal cryptic genome diversity linked to pathogenicity. PLoS 
genetics 9:e1003703. 
Farrer, R. A., L. A. Weinert, J. Bielby, T. W. J. Garner, F. Balloux, F. Clare, J. Bosch, A. A. 
Cunningham, C. Weldon, L. H. du Preez, L. Anderson, S. L. K. Pond, R. Shahar-Golan, 
D. A. Henk, and M. C. Fisher. 2011. Multiple emergences of genetically diverse 
amphibian-infecting chytrids include a globalized hypervirulent recombinant 
lineage. Proceedings of the National Academy of Sciences of the United States of 
America 108:18732–6. 
Fenton, A., and A. B. Pedersen. 2005. Community epidemiology framework for 
classifying disease threats. Emerging infectious diseases 11:1815–21. 
 148 
 
Fisher, M. C., J. Bosch, Z. Yin, D. A Stead, J. Walker, L. Selway, A. J. P. Brown, L. A Walker, 
N. a R. Gow, J. E. Stajich, and T. W. J. Garner. 2009a. Proteomic and phenotypic 
profiling of the amphibian pathogen Batrachochytrium dendrobatidis shows that 
genotype is linked to virulence. Molecular ecology 18:415–29. 
Fisher, M. C., T. W. J. Garner, and S. F. Walker. 2009b. Global emergence of 
Batrachochytrium dendrobatidis and amphibian chytridiomycosis in space, time, 
and host. Annual review of microbiology 63:291–310. 
Fisher, M. C., D. A Henk, C. J. Briggs, J. S. Brownstein, L. C. Madoff, S. L. McCraw, and S. J. 
Gurr. 2012. Emerging fungal threats to animal, plant and ecosystem health. Nature 
484:186–94. 
Forchhammer, M. C., N. C. Stenseth, E. Post, and R. Landvatn. 1998. Population dynamics 
of Norwegian red deer: density–dependence and climatic variation. Proceedings of 
the Royal Society B: Biological Sciences 265:341–350. 
Forzán, M. J., H. Gunn, and P. Scott. 2008. Chytridiomycosis in an aquarium collection of 
frogs: diagnosis, treatment, and control. Journal of zoo and wildlife medicine : 
official publication of the American Association of Zoo Veterinarians 39:406–11. 
Frick, W. F., J. F. Pollock, A. C. Hicks, K. E. Langwig, D. S. Reynolds, G. G. Turner, C. M. 
Butchkoski, and T. H. Kunz. 2010. An emerging disease causes regional population 
collapse of a common North American bat species. Science 329:679–82. 
Furness, R. 2002. Management implications of interactions between fisheries and 
sandeel-dependent seabirds and seals in the North Sea. ICES Journal of Marine 
Science 59:261–269. 
Gabor, C. R., M. C. Fisher, and J. Bosch. 2013. A non-invasive stress assay shows that 
tadpole populations infected with Batrachochytrium dendrobatidis have elevated 
corticosterone levels. PloS one 8:e56054. 
Garner, T., G. Garcia, B. Carroll, and M. Fisher. 2009a. Using itraconazole to clear 
Batrachochytrium dendrobatidis infection, and subsequent depigmentation of 
Alytes muletensis tadpoles. Diseases of aquatic organisms 83:257–260. 
Garner, T. W. J., M. W. Perkins, P. Govindarajulu, D. Seglie, S. Walker, A. A. Cunningham, 
and M. C. Fisher. 2006. The emerging amphibian pathogen Batrachochytrium 
dendrobatidis globally infects introduced populations of the North American 
bullfrog, Rana catesbeiana. Biology letters 2:455–9. 
Garner, T. W. J., M. J. Rowcliffe, and M. C. Fisher. 2011. Climate change, chytridiomycosis 
or condition: an experimental test of amphibian survival. Global Change Biology 
17:667–675. 
Garner, T. W. J., S. Walker, J. Bosch, S. Leech, J. Marcus Rowcliffe, A. A. Cunningham, and 
M. C. Fisher. 2009b. Life history tradeoffs influence mortality associated with the 
amphibian pathogen Batrachochytrium dendrobatidis. Oikos 118:783–791. 
 149 
 
Gascon, C., J. P. Collins, R. D. Moore, D. R. Church, J. E. McKay, and J. R. I. (Eds) Mendelson. 
2007. Amphibian Conservation Action Plan. IUCN/SSC Amphibian Specialist Group. 
Page 64. Gland, Switzerland and Cambridge, UK. 
Gervasi, S., C. Gondhalekar, D. H. Olson, and A. R. Blaustein. 2013. Host identity matters 
in the amphibian-Batrachochytrium dendrobatidis system: fine-scale patterns of 
variation in responses to a multi-host pathogen. PloS one 8:e54490. 
Girard, P., and P. Gomez. 2009. Lacs des Pyrénées: Vallée d’Aspe [Online]. Available 
from: http://www.lacsdespyrenees.com/vallee-Aspe.html. 
Gosner, K. 1960. A Simplified Table for Staging Anuran Embryos and Larvae with Notes 
on Identification. Herpetologica 16:183–190. 
Govindarajulu, P. P., and B. R. Anholt. 2006. Interaction between biotic and abiotic 
factors determines tadpole survival rate under natural conditions. Ecoscience 
13:413–421. 
Gower, D. J., T. Doherty-Bone, S. P. Loader, M. Wilkinson, M. T. Kouete, B. Tapley, F. 
Orton, O. Z. Daniel, F. Wynne, E. Flach, H. Müller, M. Menegon, I. Stephen, R. K. 
Browne, M. C. Fisher, A. A. Cunningham, and T. W. J. Garner. 2013. 
Batrachochytrium dendrobatidis infection and lethal chytridiomycosis in caecilian 
amphibians (Gymnophiona). EcoHealth 10:173–83. 
Grant, E. H. C. 2008. Visual Implant Elastomer Mark Retention Through Metamorphosis 
in Amphibian Larvae. Journal of Wildlife Management 72:1247–1252. 
Grassly, N. C., C. Fraser, and G. P. Garnett. 2005. Host immunity and synchronized 
epidemics of syphilis across the United States. Nature 433:417–421. 
Green, D., and C. Dodd Jr. 2007. Presence of amphibian chytrid fungus Batrachochytrium 
dendrobatidis and other amphibian pathogens at warm-water fish hatcheries in 
southeastern North. Herpetological Conservation and Biology 2:43–47. 
Green, S. 2002. Factors affecting oogenesis in the South African clawed frog (Xenopus 
laevis). Comparative medicine 52:307–312. 
Harris, R. N., T. Y. James, A. Lauer, M. A. Simon, and A. Patel. 2006. Amphibian Pathogen 
Batrachochytrium dendrobatidis Is Inhibited by the Cutaneous Bacteria of 
Amphibian Species. EcoHealth 3:53–56. 
Heinzl, H., and M. Mittlböck. 2003. Pseudo R-squared measures for Poisson regression 
models with over- or underdispersion. Computational Statistics & Data Analysis 
44:253–271. 
Hels, T., and G. Nachman. 2002. Simulating viability of a spadefoot toad Pelobates fuscus 
metapopulation in a landscape fragmented by a road. Ecography 25:730–744. 
 150 
 
Herreid, C. F., and S. Kinney. 1966. Survival of Alaskan Woodfrog (Rana Sylvatica) 
Larvae. Ecology 47:1039–1041. 
Hochachka, W. M., and A. A. Dhondt. 2000. Density-dependent decline of host abundance 
resulting from a new infectious disease. Proceedings of the National Academy of 
Sciences of the United States of America 97:5303–6. 
Holdich, D., and I. Reeve. 1991. Distribution of freshwater crayfish in the British Isles, 
with particular reference to crayfish plague, alien introductions and water quality. 
Aquatic Conservation: Marine and Freshwater Ecosystems 1:139–158. 
Holt, R. D. 1977. Predation, apparent competition, and the structure of prey 
communities. Theoretical Population Biology 12:197–229. 
Hosseini, P. R., A. A. Dhondt, and A. Dobson. 2004. Seasonality and wildlife disease: how 
seasonal birth, aggregation and variation in immunity affect the dynamics of 
Mycoplasma gallisepticum in house finches. Proceedings. Biological sciences / The 
Royal Society 271:2569–2577. 
Houlahan, J. E., C. S. Findlay, B. R. Schmidt, a H. Meyer, and S. L. Kuzmin. 2000. 
Quantitative evidence for global amphibian population declines. Nature 404:752–5. 
Hudson, P. J., A. P. Dobson, and D. Newborn. 1998. Prevention of Population Cycles by 
Parasite Removal. Science 282 :2256–2258. 
Huggins, R. M. 1989. On the statistical analysis of capture experiments. Biometrika 
76:133–140. 
Hyatt, A. D., D. G. Boyle, V. Olsen, D. B. Boyle, L. Berger, D. Obendorf, A. Dalton, K. Kriger, 
M. Heros, H. Hines, R. Phillott, R. Campbell, G. Marantelli, F. Gleason, and A. Coiling. 
2007. Diagnostic assays and sampling protocols for the detection of 
Batrachochytrium dendrobatidis. Diseases of aquatic organisms 73:175–92. 
Ibelings, B. W., A. De Bruin, M. Kagami, M. Rijkeboer, M. Brehm, and E. Van Donk. 2004. 
Host Parasite Interactions Between Freshwater Phytoplankton and Chytrid Fungi ( 
Chytridiomycota ). Journal of Phycology 40:437–453. 
Imwong, M., N. Tanomsing, S. Pukrittayakamee, N. P. J. Day, N. J. White, and G. Snounou. 
2009. Spurious amplification of a Plasmodium vivax small-subunit RNA gene by use 
of primers currently used to detect P. knowlesi. Journal of clinical microbiology 
47:4173–5. 
IUCN. 2008. IUCN Red List of Threatened Species. 
Johnson, M. L., L. Berger, L. Philips, and R. Speare. 2003. Fungicidal effects of chemical 
disinfectants, UV light, desiccation and heat on the amphibian chytrid 
Batrachochytrium dendrobatidis. Diseases of aquatic organisms 57:255–60. 
 151 
 
Johnson, M., and R. Speare. 2003. Survival of Batrachochytrium dendrobatidis in water: 
quarantine and disease control implications. Emerging infectious diseases 9:1–4. 
Johnson, P. T. J., J. R. Rohr, J. T. Hoverman, E. Kellermanns, J. Bowerman, and K. B. Lunde. 
2012. Living fast and dying of infection: host life history drives interspecific 
variation in infection and disease risk. Ecology letters 15:235–42. 
Jolles, A., R. Etienne, and H. Olff. 2006. Independent and competing disease risks: 
implications for host populations in variable environments. The American 
naturalist 167:745–57. 
Jung, R. E., G. H. Dayton, S. J. Williamson, J. R. Sauer, and S. Droege. 2002. An Evaluation 
of Population Index and Estimation Techniques for Tadpoles in Desert Pools. 
journal of herpetology 36:465–472. 
Keesing, F., R. D. Holt, and R. S. Ostfeld. 2006. Effects of species diversity on disease risk. 
Ecology letters 9:485–98. 
Kendall, W., J. Nichols, and J. Hines. 1997. Estimating temporary emigration using 
capture-recapture data with Pollock’s robust design. Ecology 78:563–578. 
Kilpatrick, A M., C. J. Briggs, and P. Daszak. 2010. The ecology and impact of 
chytridiomycosis: an emerging disease of amphibians. Trends in ecology & 
evolution 25:109–18. 
Kilpatrick, A M., P. Daszak, M. J. Jones, P. P. Marra, and K. L. D. 2006. Host heterogeneity 
dominates West Nile virus transmission. Proceedings. Biological sciences / The 
Royal Society 273:2327–33. 
Kinney, V. C. V., J. J. L. Heemeyer, A. P. A. Pessier, and M. J. M. Lannoo. 2011. Seasonal 
pattern of Batrachochytrium dendrobatidis infection and mortality in Lithobates 
areolatus: affirmation of Vredenburg’s “10,000 zoospore rule”. PLoS One 6:e16708. 
Knapp, R. A., D. Boiano, and V. Vredenburg. 2007. Removal of nonnative fish results in 
population expansion of a declining amphibian (mountain yellow-legged frog, Rana 
muscosa). Biological Conservation 135:11–20. 
Knapp, R. A., and K. R. Matthews. 2000. Non-Native Fish Introductions and the Decline of 
the Mountain Yellow-Legged Frog from within Protected Areas. Conservation 
Biology 14:428–438. 
Kriger, K. M., and J.-M. Hero. 2006. Large-scale seasonal variation in the prevalence and 
severity of chytridiomycosis. Journal of Zoology 271:352–359. 
Kriger, K. M., and J.-M. Hero. 2007. The chytrid fungus Batrachochytrium dendrobatidis 




Lachish, S., H. McCallum, and M. Jones. 2009. Demography, disease and the devil: life-
history changes in a disease-affected population of Tasmanian devils (Sarcophilus 
harrisii). The Journal of animal ecology 78:427–36. 
LaDeau, S. L., A. M. Kilpatrick, and P. P. Marra. 2007. West Nile virus emergence and 
large-scale declines of North American bird populations. Nature 447:710–713. 
Lampo, M., and G. A. De Leo. 1998. The invasion ecology of the toad Bufo marinus: from 
South America to Australia. Ecological Applications 8:388–396. 
Laurance, W. F., K. R. McDonald, and R. Speare. 1996. Epidemic Disease and the 
Catastrophic Decline of Australian Rain Forest Frogs. Conservation Biology 10:406–
413. 
Lebreton, J., and K. Burnham. 1992. Modeling survival and testing biological hypotheses 
using marked animals: a unified approach with case studies. Ecological 
monographs 62:67–118. 
Linz, G. M., D. L. Bergman, and W. J. Bleier. 1997. Estimating survival of song bird 
carcasses in crops and woodlots. The Prairie Naturalist 21. 
Lips, K., and P. Burrowes. 2005. Amphibian Population Declines in Latin America: A 
Synthesis1. Biotropica 37:222–226. 
Lips, K. R., F. Brem, R. Brenes, J. D. Reeve, R. A. Alford, J. Voyles, C. Carey, L. Livo, A. P. 
Pessier, and J. P. Collins. 2005. Emerging infectious disease and the loss of 
biodiversity in a Neotropical amphibian community. 
Lips, K., J. Reeve, and L. Witters. 2003. Ecological traits predicting amphibian population 
declines in Central America. Conservation Biology 17:1078–1088. 
Little, T. 2002. The evolutionary significance of parasitism: do parasite‐driven genetic 
dynamics occur ex silico? Journal of Evolutionary Biology 15:1–9. 
Longcore, J., A. Pessier, and D. Nichols. 1999. Batrachochytrium Dendrobatidis gen. et 
sp. nov., a Chytrid Pathogenic to Amphibians. Mycologia 91:219–227. 
Lubick, N. 2010. Emergency medicine for frogs. Nature 465:680–681. 
Luquet, E., T. Garner, J. Léna, and C. Bruel. 2012. Genetic erosion in wild populations 
makes resistance to a pathogen more costly. Evolution 66:1942–1952. 
Marantelli, G., L. Berger, R. Speare, and L. Keegan. 2004. Distribution of the amphibian 
chytrid Batrachochytrium dendrobatidis and keratin during tadpole development. 
Pacific Conservation biology 10:173–179. 
Márquez, R. 1993. Male reproductive success in two midwife toads, Alytes obstetricans 
and A. cisternasii. Behavioral Ecology and Sociobiology 32:283–291. 
 153 
 
Martel, A., A. Spitzen-van der Sluijs, M. Blooi, W. Bert, R. Ducatelle, M. C. Fisher, A. 
Woeltjes, W. Bosman, K. Chiers, F. Bossuyt, and F. Pasmans. 2013. 
Batrachochytrium salamandrivorans sp. nov. causes lethal chytridiomycosis in 
amphibians. Proceedings of the National Academy of Sciences of the United States 
of America 110:15325–9. 
McCaffery, R., and K. Lips. 2012. Survival and Abundance in Males of the Glass Frog 
Espadarana (Centrolene) prosoblepon in Central Panama. Journal of Herpetology 
47:162–168. 
McCallum, H., N. Barlow, and J. Hone. 2001. How should pathogen transmission be 
modelled? Trends in ecology & evolution 16:295–300. 
McCallum, H., and A. Dobson. 1995. Detecting disease and parasite threats to 
endangered species and ecosystems. Trends in Ecology & Evolution 10:190–194. 
McDonald, K. R., and R. Alford. 1999. A review of declining frogs in northern 
Queensland. Pages 14–22 in A. Campbell, editor. Declines and disappearances of 
Australian frogs. Environment Australia. 
McMahon, T. A., B. F. Sears, M. D. Venesky, S. M. Bessler, J. M. Brown, K. Deutsch, N. T. 
Halstead, G. Lentz, N. Tenouri, S. Young, D. J. Civitello, N. Ortega, J. S. Fites, L. K. 
Reinert, L. A. Rollins-Smith, T. R. Raffel, and J. R. Rohr. 2014. Amphibians acquire 
resistance to live and dead fungus overcoming fungal immunosuppression. Nature 
511:224–227. 
Meagher, S. 1999. enetic Diversity and Capillaria hepatica (Nematoda) Prevalence in 
Michigan Deer Mouse Populations. Evolution 53:1318–1324. 
Menge, B. A., and J. P. Sutherland. 1987. Community Regulation: Variation in 
Disturbance, Competition, and Predation in Relation to Environmental Stress and 
Recruitment. The American Naturalist 130:730–757. 
Metcalf, M. M. 1928. The Bell-toads and their opalinid parasites. American Naturalist 
62:5–21. 
Miaud, C., R. Guyétant, and J. Elmberg. 1999. Variations in life-history traits in the 
common frog Rana temporaria (Amphibia: Anura): a literature review and new 
data from the French Alps. Journal of Zoology 249:61–73. 
Mitchell, K. M., T. S. Churcher, T. W. J. Garner, and M. C. Fisher. 2008. Persistence of the 
emerging pathogen Batrachochytrium dendrobatidis outside the amphibian host 
greatly increases the probability of host extinction. Proceedings. Biological sciences 
/ The Royal Society 275:329–34. 
Morellet, N., J. M. Gaillard, A. J. M. Hewison, P. Ballon, Y. Boscardin, P. Duncan, F. Klein, 
and D. Maillard. 2007. Indicators of ecological change: new tools for managing 
populations of large herbivores. Journal of Applied Ecology 44:634–643. 
 154 
 
Mörner, T., D. L. Obendorf, M. Artois, and M. H. Woodford. 2002. Surveillance and 
monitoring of wildlife diseases. Revue scientifique et technique (International 
Office of Epizootics) 21:67–76. 
Murphy, P. J., S. St-Hilaire, and P. S. Corn. 2011. Temperature, hydric environment, and 
prior pathogen exposure alter the experimental severity of chytridiomycosis in 
boreal toads. Diseases of aquatic organisms 95:31–42. 
Murray, D. L., C. A. Kapke, J. F. Evermann, and T. K. Fuller. 1999. Infectious disease and 
the conservation of free-ranging large carnivores. Animal Conservation 2:241–254. 
Murray, K. A, L. F. Skerratt, R. Speare, and H. McCallum. 2009. Impact and dynamics of 
disease in species threatened by the amphibian chytrid fungus, Batrachochytrium 
dendrobatidis. Conservation biology : the journal of the Society for Conservation 
Biology 23:1242–1252. 
Muths, E., P. S. Corn, A. P. Pessier, and D. E. Green. 2003. Evidence for disease-related 
amphibian decline in Colorado Evidence for disease-related amphibian decline in 
Colorado. Biological Conservation 110:357–365. 
Nichols, D. K., E. W. Lamirande, A P. Pessier, and J. E. Longcore. 2001. Experimental 
transmission of cutaneous chytridiomycosis in dendrobatid frogs. Journal of 
wildlife diseases 37:1–11. 
Nichols, D., and E. W. Lamirande. 2000. Treatment of cutaneous chytridiomycosis in the 
blue-and-yellow poison dart frogs (Dendrobates tinctorius). Page p. 51. In: 
Proceedings of Getting the Jump on Amphibian Disease. Cairns, Australia. 
North, S., and R. A. Alford. 2008. Infection intensity and sampling locality affect 
Batrachochytrium dendrobatidis distribution among body regions on green-eyed 
tree frogs Litoria genimaculata. Diseases of aquatic organisms 81:177–88. 
OIE World Organisation for Animal Health. 2010. Training manual on wildlife diseases 
and surveillance. workshop for OIE national focal points for wildlife. Pages 1–56. 
Oleksiewicz, M. B., A. I. Donaldson, and S. Alexandersen. 2001. Development of a novel 
real-time RT-PCR assay for quantitation of foot-and-mouth disease virus in diverse 
porcine tissues. Journal of Virological Methods 92:23–35. 
Oli, M. K., M. Venkataraman, P. A. Klein, L. D. Wendland, and M. B. Brown. 2006. 
Population dynamics of infectious diseases: A discrete time model. Ecological 
Modelling 198:183–194. 
Olson, D. H., D. M. Aanensen, K. L. Ronnenberg, C. I. Powell, S. F. Walker, J. Bielby, T. W. J. 
Garner, G. Weaver, and M. C. Fisher. 2013. Mapping the global emergence of 
Batrachochytrium dendrobatidis, the amphibian chytrid fungus. PloS one 8:e56802. 
 155 
 
Orlofske, S. A, and W. A. Hopkins. 2009. Energetics of metamorphic climax in the 
pickerel frog (Lithobates palustris). Comparative biochemistry and physiology. Part 
A, Molecular & integrative physiology 154:191–6. 
Oro, D., E. Cam, R. Pradel, and A. Martínez-Abraín. 2004. Influence of food availability on 
demography and local population dynamics in a long-lived seabird. Proceedings. 
Biological sciences / The Royal Society 271:387–96. 
Ortiz-Santaliestra, M., M. C. Fisher, S. Fernández-Beaskoetxea, M. Fernández-Benéitez, 
and J. Bosch. 2011. Ambient Ultraviolet B Radiation and Prevalence of Infection by 
Batrachochytrium dendrobatidis in Two Amphibian Species. Conservation Biology 
25:975–982. 
Ostfeld, R. S., and F. Keesing. 2000. The function of biodiversity in the ecology of vector-
borne zoonotic diseases 2078:2061–2078. 
Ostfeld, R. S., and F. Keesing. 2012. Effects of Host Diversity on Infectious Disease. 
Annual Review of Ecology, Evolution, and Systematics 43:157–182. 
Otis, D., K. Burnham, G. White, and D. Anderson. 1978. Statistical inference from capture 
data on closed animal populations. Wildlife Monographs:3–135. 
Pascolini, R., P. Daszak, A. A. Cunningham, S. Tei, D. Vagnetti, S. Bucci, A. Fagotti, and I. Di 
Rosa. 2003. Parasitism by Dermocystidium ranae in a population of Rana esculenta 
complex in Central Italy and description of Amphibiocystidium n. gen. Diseases of 
aquatic organisms 56:65–74. 
Pascual, M., and A. Dobson. 2005. Seasonal patterns of infectious diseases. PLoS 
medicine 2:018–020. 
Pasmans, F., P. Van Rooij, M. Blooi, G. Tessa, S. Bogaerts, G. Sotgiu, T. W. J. Garner, M. C. 
Fisher, B. R. Schmidt, T. Woeltjes, W. Beukema, S. Bovero, C. Adriaensen, F. Oneto, D. 
Ottonello, A. Martel, and S. Salvidio. 2013. Resistance to Chytridiomycosis in 
European Plethodontid Salamanders of the Genus Speleomantes. PLoS ONE 
8:e63639. 
Pedersen, A. B., K. E. Jones, C. L. Nunn, and S. Altizer. 2007. Infectious diseases and 
extinction risk in wild mammals. Conservation biology : the journal of the Society 
for Conservation Biology 21:1269–79. 
Pellet, J., J. T. Bried, D. Parietti, A. Gander, P. O. Heer, D. Cherix, and R. Arlettaz. 2012. 
Monitoring butterfly abundance: beyond Pollard walks. PloS one 7:e41396. 
Pessier, A., D. Nichols, J. Longcore, and M. Fuller. 1999. Cutaneous chytridiomycosis in 
poison dart frogs (Dendrobates spp.) and White’s tree frogs (Litoria caerulea). 
Journal of Veterinary diagnostic investigation 11:194–199. 
 156 
 
Pessier, A. P., and J. R. Mendelson. 2010. A manual for control of infectious diseases in 
amphibian survival assurance colonies and reintroduction programs. IUCN/SSC 
Conservation Breeding Specialist Group. Apple Valley, Minnesota. 
Picco, A. M., J. L. Brunner, and J. P. Collins. 2007. Susceptibility of the endangered 
California tiger salamander, Ambystoma californiense, to ranavirus infection. 
Journal of wildlife diseases 43:286–90. 
Pilliod, D., and C. Peterson. 2001. Local and landscape effects of introduced trout on 
amphibians in historically fishless watersheds. Ecosystems 4:322–333. 
Pilliod, D. S., E. Muths, R. D. Scherer, P. E. Bartelt, P. S. Corn, B. R. Hossack, B. A. Lambert, 
R. McCaffery, and C. Gaughan. 2010. Effects of amphibian chytrid fungus on 
individual survival probability in wild boreal toads. Conservation biology : the 
journal of the Society for Conservation Biology 24:1259–67. 
Piotrowski, J. S., S. L. Annis, and J. E. Longcore. 2004. Physiology of Batrachochytrium 
dendrobatidis, a chytrid pathogen of amphibians. Mycologia 96:9–15. 
Poloczanska, E., and S. Hawkins. 2008. Modeling the response of populations of 
competing species to climate change. Ecology 89:3138–3149. 
Ponce, C., J. C. Alonso, G. Argandoña, A. García Fernández, and M. Carrasco. 2010. Carcass 
removal by scavengers and search accuracy affect bird mortality estimates at 
power lines. Animal Conservation 13:603–612. 
Pope, K. L. 2008. Assessing changes in amphibian population dynamics following 
experimental manipulations of introduced fish. Conservation biology : the journal 
of the Society for Conservation Biology 22:1572–81. 
Power, A. G., and C. E. Mitchell. 2004. Pathogen spillover in disease epidemics. The 
American naturalist 164 Suppl :S79–89. 
R Core Team. 2013. A language and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria. 
Rachowicz, L. J., R. A. Knapp, J. A. T. Morgan, M. J. Stice, V. T. Vredenburg, J. M. Parker, 
and C. J. Briggs. 2006. Emerging infectious disease as a proximate cause of 
amphibian mass mortality. Ecology 87:1671–83. 
Rachowicz, L. J. L., and C. C. J. Briggs. 2007. Quantifying the disease transmission 
function: effects of density on Batrachochytrium dendrobatidis transmission in the 
mountain yellow-legged frog Rana muscosa. Journal of Animal Ecology 76:711–
721. 
Rachowicz, L. J., and V. T. Vredenburg. 2004. Transmission of Batrachochytrium 




Raffel, T. R., J. M. Romansic, N. T. Halstead, T. A. McMahon, M. D. Venesky, and J. R. Rohr. 
2012. Disease and thermal acclimation in a more variable and unpredictable 
climate. Nature Climate Change 3:146–151. 
Ramsey, J. P., L. K. Reinert, L. K. Harper, D. C. Woodhams, and L. A. Rollins-Smith. 2010. 
Immune defenses against Batrachochytrium dendrobatidis, a fungus linked to 
global amphibian declines, in the South African clawed frog, Xenopus laevis. 
Infection and immunity 78:3981–92. 
Raviv, Z., and S. H. Kleven. 2009. The Development of Diagnostic Real-Time TaqMan 
PCRs for the Four Pathogenic Avian Mycoplasmas. Avian Diseases 53:103–107. 
Reading, C. 1998. The effect of winter temperatures on the timing of breeding activity in 
the common toad Bufo bufo. Oecologia 117:469–475. 
Reading, C. J. 2007. Linking global warming to amphibian declines through its effects on 
female body condition and survivorship. Oecologia 151:125–31. 
Reeder, N. M. M., A. P. Pessier, and V. T. Vredenburg. 2012. A reservoir species for the 
emerging Amphibian pathogen Batrachochytrium dendrobatidis thrives in a 
landscape decimated by disease. PloS one 7:e33567. 
Retallick, R. W. R., H. McCallum, and R. Speare. 2004. Endemic infection of the amphibian 
chytrid fungus in a frog community post-decline. PLoS biology 2:e351. 
Ribas, L., M.-S. Li, B. J. Doddington, J. Robert, J. a Seidel, J. S. Kroll, L. B. Zimmerman, N. C. 
Grassly, T. W. J. Garner, and M. C. Fisher. 2009. Expression profiling the 
temperature-dependent amphibian response to infection by Batrachochytrium 
dendrobatidis. PloS one 4:e8408. 
Richards, S. J., K. R. McDonald, and R. A. Alford. 1993. Declines in populations of 
Australia’s endemic tropical rainforest frogs. Pacific Conservation biology 1:66–77. 
Van Riper III, C., S. Van Riper, M. L. Goff, and L. Marshall. 1986. The Epizootiology and 
Ecological Significance of Malaria in Hawaiian Land Birds. Ecological monographs 
56:327–344. 
Rollins-Smith, L. A. 2009. The role of amphibian antimicrobial peptides in protection of 
amphibians from pathogens linked to global amphibian declines. Biochimica et 
biophysica acta 1788:1593–9. 
Rollins-Smith, L. A., C. Carey, J. Longcore, J. K. Doersam, A. Boutte, J. E. Bruzgal, and M. J. 
Conlon. 2002. Activity of antimicrobial skin peptides from ranid frogs against 
Batrachochytrium dendrobatidis, the chytrid fungus associated with global 
amphibian declines. Developmental & Comparative Immunology 26:471–479. 
Rosa, G. M., I. Anza, P. L. Moreira, J. Conde, F. Martins, M. C. Fisher, and J. Bosch. 2013. 
Evidence of chytrid-mediated population declines in common midwife toad in 
Serra da Estrela, Portugal. Animal Conservation 16:306–315. 
 158 
 
Rosenblum, E. B., J. Voyles, T. J. Poorten, and J. E. Stajich. 2010. The deadly chytrid 
fungus: a story of an emerging pathogen. PLoS pathogens 6:e1000550. 
Rowley, J. J. L., L. F. Skerratt, R. A. Alford, and R. Campbell. 2007. Retreat sites of rain 
forest stream frogs are not a reservoir for Batrachochytrium dendrobatidis in 
northern Queensland, Australia. Diseases of aquatic organisms 74:7–12. 
Rushton, S. P., P. W. W. Lurz, J. Gurnell, P. Nettleton, C. Bruemmer, M. D. F. Shirley, and A. 
W. Sainsbury. 2006. Disease threats posed by alien species: the role of a poxvirus in 
the decline of the native red squirrel in Britain. Epidemiology and infection 
134:521–33. 
Schauber, E., and R. Ostfeld. 2002. Modeling the effects of reservoir competence decay 
and demographic turnover in Lyme disease ecology. Ecological Applications 
12:1142–1162. 
Scheffer, M., S. Rinaldi, Y. A. Kuznetsov, and E. H. van Nes. 1997. Seasonal Dynamics of 
Daphnia and Algae Explained as a Periodically Forced Predator-Prey System. Oikos 
80:519–532. 
Scherer, R., and E. Muths. 2005. An evaluation of weather and disease as causes of 
decline in two populations of boreal toads. Ecological Applications 15:2150–2160. 
Schmeller, D. S., M. Blooi, A. Martel, T. W. J. Garner, M. C. Fisher, F. Azemar, F. C. Clare, C. 
Leclerc, L. Jäger, M. Guevara-Nieto, A. Loyau, and F. Pasmans. 2013. Microscopic 
Aquatic Predators Strongly Affect Infection Dynamics of a Globally Emerged 
Pathogen. Current biology 24:176–180. 
Schmeller, D. S., and J. Merilä. 2007. Demographic and genetic estimates of effective 
population and breeding size in the amphibian Rana temporaria. Conservation 
biology : the journal of the Society for Conservation Biology 21:142–51. 
Schmidt, K. A., and R. S. Ostfeld. 2001. Biodiversity and the dilution effect in disease 
ecology. Ecology 82:609–619. 
Scribner, K. T., J. Arntzen, N. Cruddace, R. . Oldham, and T. Burke. 2001. Environmental 
correlates of toad abundance and population genetic diversity. Biological 
Conservation 98:201–210. 
Shaffer, H. B., R. A. Alford, B. D. Woodward, S. J. Richards, R. G. Altig, and C. Gascon. 1994. 
Quantitative sampling of amphibian Larvae. Pages 130–144 in W. R. Heyer, M. A. 
Donnelly, R. W. McDiarmid, L. P. Hayek, and F. M. S, editors. Measuring and 
Monitoring Biological Diversity: Standard Methods for Amphibians. Smithsonian 
Institution Press, Washington, DC. 
Sinclair, A. R., J. M. Fryxell, and G. Caughley. 2006a. Population regulation, fluctuation 
and competition within species. Pages 109–134 Wildlife ecology, conservation and 
management. Second. Blackwell Publishing Inc. 
 159 
 
Sinclair, A. R., J. M. Fryxell, and G. Caughley. 2006b. Predation. Pages 163–178 Wildlife 
ecology, conservation and management. Second. Blackwell Publishing Inc. 
Skerratt, L. F., L. Berger, R. Speare, S. Cashins, K. R. McDonald, A. D. Phillott, H. B. Hines, 
and N. Kenyon. 2007. Spread of Chytridiomycosis Has Caused the Rapid Global 
Decline and Extinction of Frogs. EcoHealth 4:125–134. 
Smith, K. F., D. F. Sax, and K. D. Lafferty. 2006. Evidence for the role of infectious disease 
in species extinction and endangerment. Conservation biology : the journal of the 
Society for Conservation Biology 20:1349–57. 
Stewart, M. M., and L. L. Woolbright. 1996. Amphibians. in D. P. Reagan and R. P. Waide, 
editors. The food web of a tropical rainforest. University of Chicago Press, Chicago. 
Stice, M. J., and C. J. Briggs. 2010. Immunization is ineffective at preventing infection and 
mortality due to the amphibian chytrid fungus Batrachochytrium dendrobatidis. 
Journal of Wildlife Diseases 46:70–77. 
Stuart, S. N., J. S. Chanson, N. A. Cox, B. E. Young, A. S. L. Rodrigues, D. L. Fischman, and R. 
W. Waller. 2004. Status and Trends of Amphibian Declines and Extinctions 
Worldwide. Science 306 :1783–1786. 
Swinton, J., M. Woolhouse, M. Begon, A. Dobson, E. Ferroglio, B. Grenfell, V. Guberti, R. 
Hails, J. Heesterbeek, A. Lavazza, M. Roberts, P. White, and K. Wilson. 2001. 
Microparasite transmission and persistence. Pages 83–101 in P. Hudson, A. Rizzoli, 
B. Grenfell, H. Heesterbeek, and A. Dobson, editors. The Ecology of Wildlife 
Diseases. Oxford University Press, Oxford. 
Teacher, A. G. F., A. A. Cunningham, and T. W. J. Garner. 2010. Assessing the long-term 
impact of Ranavirus infection in wild common frog populations. Animal 
Conservation 13:514–522. 
Tobler, U. 2011. Differential responses on individual-and population-level to a fungal 
pathogen: Bd infection in the midwife toad Alytes obstetricans. University of 
Zurich. 
Tobler, U., A. Borgula, and B. R. Schmidt. 2012. Populations of a susceptible amphibian 
species can grow despite the presence of a pathogenic chytrid fungus. PloS one 
7:e34667. 
Tobler, U., and B. B. R. Schmidt. 2010. Within-and among-population variation in 
chytridiomycosis-induced mortality in the toad Alytes obstetricans. PLoS One 5:1–
8. 
Torreilles, S. L., D. E. McClure, and S. L. Green. 2009. Evaluation and refinement of 
euthanasia methods for Xenopus laevis. Journal of the American Association for 
Laboratory Animal Science 48:512–6. 
 160 
 
Trenerry, M., W. Laurance, and K. McDonald. 1994. Further Evidence for the Precipitous 
Decline of Endemic Rainforest Frogs in Tropical Australia. Pacific Conservation 
biology 1:150–153. 
Tyler, M. J., R. Wassersug, and B. P. C. Smith. 2007. How frogs and humans interact: 
Influences beyond habitat destruction, epidemics and global warming. Applied 
Herpetology 4:1–18. 
Vale, P. F., M. Stjernman, and T. J. Little. 2008. Temperature-dependent costs of 
parasitism and maintenance of polymorphism under genotype-by-environment 
interactions. Journal of evolutionary biology 21:1418–27. 
Vargas, H., C. Lougheed, and H. Snell. 2005. Population size and trends of the Galápagos 
Penguin Spheniscus mendiculus. Ibis 147:367–374. 
Vences, M., and K. Grossenbacher. 2003. The Cambales fairy tale: elevational limits of 
Rana temporaria (Amphibia: Ranidae) and other European amphibians revisited. 
Folia Zoologica 52:189–202. 
Voyles, J., S. Young, L. Berger, C. Campbell, W. F. Voyles, A. Dinudom, D. Cook, R. Webb, R. 
A. Alford, L. F. Skerratt, and R. Speare. 2009. Pathogenesis of chytridiomycosis, a 
cause of catastrophic amphibian declines. Science (New York, N.Y.) 326:582–5. 
Vredenburg, V. T. 2004. Reversing introduced species effects: Experimental removal of 
introduced fish leads to rapid recovery of a declining frog. Proceedings of the 
National Academy of Sciences of the United States of America 101 :7646–7650. 
Vredenburg, V. T., R. A. Knapp, T. S. Tunstall, and C. J. Briggs. 2010. Dynamics of an 
emerging disease drive large-scale amphibian population extinctions. Proceedings 
of the National Academy of Sciences of the United States of America 107:9689–94. 
Walker, S. F. 2008. Geographical patterns in the distribution of Batrachochytrium 
dendrobatidis and outbreaks of fatal chytridiomycosis in European amphibian 
populations. Imperial College London. 
Walker, S. F., J. Bosch, V. Gomez, T. W. J. Garner, A. A. Cunningham, D. S. Schmeller, M. 
Ninyerola, D. A. Henk, C. Ginestet, C.-P. Arthur, and M. C. Fisher. 2010. Factors 
driving pathogenicity vs. prevalence of amphibian panzootic chytridiomycosis in 
Iberia. Ecology letters 13:372–82. 
Walker, S. F., M. B. Salas, D. Jenkins, T. W. J. Garner, A. A. Cunningham, A. D. Hyatt, J. 
Bosch, and M. C. Fisher. 2007. Environmental detection of Batrachochytrium 
dendrobatidis in a temperate climate. Diseases of aquatic organisms 77:105–12. 
Weldon, C., L. H. du Preez, A. D. Hyatt, R. Muller, and R. Spears. 2004. Origin of the 




Whiles, M., K. R. Lips, C. M. Pringle, S. S. Kilham, R. J. Bixby, R. Brenes, S. Connelly, J. C. 
Colon-Gaud, M. Hunte-Brown, A. D. Huryn, C. Montgomery, and S. Peterson. 2006. 
The effects of amphibian population declines on the structure and function of 
Neotropical stream ecosystems. Frontiers in Ecology and the Environment 4:27–
34. 
White, G. C. 2007. Closed population estimation models and their extensions in Program 
MARK. Environmental and Ecological Statistics 15:89–99. 
Wibbelt, G., A. Kurth, D. Hellmann, M. Weishaar, A. Barlow, M. Veith, J. Prüger, T. Görföl, 
L. Grosche, F. Bontadina, U. Zöphel, H. P. Seidl, and D. S. Blehert. 2010. White-nose 
syndrome fungus (Geomyces destructans) in bats, Europe. Emerging infectious 
diseases 16:1237–43. 
Wilmers, C. C., E. Post, R. O. Peterson, and J. A. Vucetich. 2006. Predator disease out-
break modulates top-down, bottom-up and climatic effects on herbivore population 
dynamics. Ecology letters 9:383–9. 
Wilson, K., O. N. Bjornstad, A. P. Dobson, S. Merler, G. Poglayen, S. E. Randolph, A. F. 
Read, and A. Skorping. 2002. Heterogeneities in macroparasite infections: patterns 
and processes. Pages 6–44 in P. Hudson, A. Rizzoli, B. Grenfell, H. Heesterbeek, and 
A. Dobson, editors. The Ecology of Wildlife Diseases. First. Oxford University Press, 
Oxford. 
Wobeser, G. A. 1994. Investigation and management of Diseases in Wild Animals. Pages 
13–21. Plenum Press, New York. 
Woodhams, D., and J. Bosch. 2011. Mitigating amphibian disease: strategies to maintain 
wild populations and control chytridiomycosis. Frontiers in Zoology 8. 
Woodhams, D. C., R. A. Alford, and G. Marantelli. 2003. Emerging disease of amphibians 
cured by elevated body temperature. Diseases of aquatic organisms 55:65–7. 
Woodhams, D. C., K. Ardipradja, R. A. Alford, G. Marantelli, L. K. Reinert, and L. A. Rollins-
Smith. 2007. Resistance to chytridiomycosis varies among amphibian species and is 
correlated with skin peptide defenses. Animal Conservation 10:409–417. 
Woodhams, D. C., L. A. Rollins-Smith, C. Carey, L. Reinert, M. J. Tyler, and R. A. Alford. 
2006. Population trends associated with skin peptide defenses against 
chytridiomycosis in Australian frogs. Oecologia 146:531–40. 
Woodworth, B. L., C. T. Atkinson, D. A. Lapointe, P. J. Hart, C. S. Spiegel, E. J. Tweed, C. 
Henneman, J. Lebrun, T. Denette, R. Demots, K. L. Kozar, D. Triglia, D. Lease, A. 
Gregor, T. Smith, and D. Duffy. 2005. Host population persistence in the face of 
introduced vector-borne diseases: Hawaii amakihi and avian malaria. Proceedings 











1) The new tadpoles hatch from egg 
masses. I refer to these new tadpoles as 
“young of the year “(YOTY). They are 
around 1 to 1.5cm in length.  
       
 
3) Tadpoles begin to develop their front 
limbs, then their hind limbs, before being 
ready to leave the pond. Tadpoles with all 
four limbs visible which have a full tail are 
at Gosner stage 42. Individuals cease 
feeling at this stage, and receive all their 
nutrient requirements from the absorption 
of their tail. At this stage, individuals loose 
the keratin from their mouthparts.  
   
2) At high altitudes, YOTY’s do not leave 
the water in the first year. Instead, they 
over-winter in the lake and emerge again 
the following year. Tadpoles can over-
winter for up to three years before 
metamorphosing and leaving the pond. 
These over-wintered tadpoles are much 
larger than the YOTY, up to 9cm in length.          
         
          
 
 
5) Metamorphs mature away from the 
pond and after 2 years become breeding 
adults.   
      
4) Once the tadpoles have full resorbed 
their tail they are known as recent 
metamorphs. This is Gosner stage 46. They 
have a full keratinised skin. They will often 
leave the edge of the water within a few 
days of reaching this stage.  







Appendix 2A  
Showing the amount of Bd DNA (displayed as genomic equivalents (GE)) detected in each skin section of each individual from the 
moribund group. The combined amount of Bd DNA detected in the pelvic patch and hind limbs (PP + Limbs), the overall amount of Bd 
DNA, i.e. all skin sections combined (Total digest) and the Bd DNA detected by swab for that individual (Swab) are also shown. The 





















Swab Digest:  
PP + Legs 
Total 
Digest 
Ansabere 1890 3580 15610 10580 10100 11680 10740 11880 2495 32720 76060 
Arlet  846 8900 12650 6160 7320 4460 9380 11640 18735 28340 61356 
Arlet  4010 2260 6600 7400 5060 1140 3610 2080 5519 10750 32160 
Arlet 7180 9100 11240 9710 6680 5910 6540 6240 2274 19460 62600 
Arlet 23870 11360 23180 13750 20150 9760 21910 16640 644 58700 140620 
Arlet 1120 6190 6970 3640 4110 3400 9450 4360 548 17920 39240 
Arlet 2990 11350 18360 4820 12550 6150 13090 20560 5413 46200 89870 
Arlet 2720 17640 20430 5190 10860 10550 17760 16630 5622 45250 101780 
Arlet 19790 1590 15720 1600 6420 8700 6490 22170 1550 35080 82480 
Arlet 21760 9590 14870 18230 15810 6660 14840 10200 9031 40850 111960 
Arlet  4750 13000 12210 11670 11320 12120 12300 10790 9578 34410 88160 
Lhurs 7890 4010 389 1390 6490 1710 9400 4660 3025 20550 35939 
Lhurs 816 1700 8980 1970 7670 634 6310 8800 45 22780 36880 
Lhurs 859 5200 7470 1970 4590 2740 9480 6080 127 20150 38389 
Lhurs 2480 4910 2540 3570 10310 4130 5790 1400 66 17500 35130 
Lhurs 3690 12210 7980 8350 12650 9100 11500 5850 1864 30000 71330 
Puits 7380 7420 15400 16020 12280 5880 13100 20660 1770 46040 98140 







Appendix 2B   
Showing the amount of Bd DNA (displayed as genomic equivalents: (GE)) detected in each skin section of each individual from the 
recently dead group. (*) indicates individuals collected from the field; those without were taken from the laboratory set-up descried in 
Chapter Five. The combined amount of Bd DNA detected in the pelvic patch and hind limbs (PP + Limbs), the overall amount of Bd DNA, 
i.e. all skin sections combined (Total digest) and the Bd DNA detected by swab for that individual (Swab) are also shown. The overall 




















Swab Digest:  
PP + Legs 
Total 
Digest 
Ansabere 4530 5830 7580 6990 3510 3840 6590 3550 5784 13650 42420 
Ansabere 5260 827 3340 4490 1040 2990 2210 2360 1057 5610 22517 
Ansabere 8380 4950 2130 1760 7580 4530 6870 15810 4187 30260 52010 
*Arlet 1240 1780 1370 2650 5180 2860 6590 4200 239 15970 25870 
Arlet 56420 10950 27300 21350 11130 9910 34350 7130 25340 52610 178540 
Arlet 12620 4210 8070 8450 7860 10410 6080 8100 6147 22040 65800 
Arlet 39040 10260 5130 10680 3370 1630 6170 4540 16350 14080 80820 
Arlet 6360 2550 3290 1880 1120 1340 3720 1950 7734 6790 22210 
*Arlet 2720 13570 9130 7060 10750 4830 4500 3310 7963 18560 55870 
Lhurs 28780 5970 33650 21320 6780 38900 31500 17720 36919 56000 184620 
Lhurs 80250 11830 20490 25020 4680 40500 16360 9570 3794 30610 208700 
Lhurs 5380 769 2350 1820 3250 6050 3210 1680 1593 8140 24509 
Lhurs 3660 1920 3520 2860 3430 19630 6430 9240 12939 19100 50690 
*Lhurs 549 711 2050 2680 5160 1930 3380 7450 876 15990 23910 
Lhurs 8100 907 7150 4390 16230 18380 9070 13610 7412 38910 77837 
Average 17553 5136 9103 8227 6071 11182 9802 7348 9222 23221 74422 
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Appendix 3  
  
Tables A to C: A list of models generated using MARK for the estimation of abundance of A. 
obstetricans tadpoles over three to five years in A) lac Ansabere, B) lac Puits and C) lac Lhurs. 
The best fit model/model of choice is shown in bold for each year. Each table includes the AICc = 
sample-size adjusted Akaike Information Criterion, where the lower the number the better the 
model, the ΔAIC = difference between the best model compared to the other models, where the 
closer to 0 = the best model, the AICc weight, i.e. the relative likelihood of the model, and the 









2009 Mt: Time Response -2813.6792 0.0000 1.00000 4 
 Mb: Behavioural Response -2768.6178 45.0614 0.00000 3 
 M0: Constant -2642.6603 171.0189 0.00000 2 
 Mh: Heterogeneity -2638.6505 173.0287 0.00000 4 
2010 Mt: Time Response -11010.2107 0.0000 1.00000 4 
 Mb: Behavioural Response -10965.1778 45.0329 0.00000 3 
 Mh: Heterogeneity -10907.4808 102.7299 0.00000 4 
 M0: Constant -10902.9159 107.2948 0.00000 2 
2011 Mb: Behavioural Response -4626.8666 0.0000 0.72641 3 
 Mt: Time Response -4624.9064 1.9602 0.27260 4 
 M0: Constant -4612.7420 14.1246 0.00062 2 
 Mh: Heterogeneity -4611.6752 15.1914 0.00037 4 
2012 Mt: Time Response -1489.2587 0.0000 0.80675 4 
 M0: Constant -1485.0808 4.1779 0.09989 2 
 Mh: Heterogeneity -1483.5866 5.6721 0.04732 4 
 Mb: Behavioural response -1483.5315 5.7272 0.04604 3 
2013 Mt: Time Response -79.9520 0.0000 0.56231 4 
 Mb: Behavioural Response -78.8791 1.0729 0.32885 3 
 M0: Constant -75.5198 4.4322 0.06131 2 



















2009 Mb: Behavioural Response -620.2910 0.0000 0.91979 3 
 Mt: Time Response -615.4114 4.8796 0.08019 4 
 Mh: Heterogeneity -598.7207 21.5703 0.00001 4 
 M0: Constant -595.3120 24.9790 0.00000 2 
2012 Mt: Time Response -1088.6128 0.0000 0.73226 4 
 Mb: Behavioural Response -1086.5284 2.0844 0.25825 3 
 M0: Constant -1079.1367 9.4761 0.00641 2 
 Mh: Heterogeneity -1077.6657 10.9471 0.00307 4 
2013 Mt: Time Response -3142.7520 0.0000 0.99974 4 
 M0: Constant -3125.4033 17.3487 0.00017 2 
 Mb: Behavioural response -3123.4983 19.2537 0.00007 3 









2010 Mt: Time Response -25883.4614 0.000 1.00000 4 
 Mb: Behavioural Response -25825.6497 57.8117 0.00000 3 
 M0: Constant -25783.8123 99.6491 0.00000 2 
 Mh: Heterogeneity -25780.6144 102.8470 0.00000 4 
2011 Mt: Time Response -12394.5646 0.0000 0.75560 4 
 Mb: Behavioural Response -12310.2638 84.3008 0.00000 3 
 M0: Constant -12259.2169 135.3477 0.00000 2 
 Mh: Heterogeneity -12255.2096 139.3550 0.00000 4 
2012 Mt: Time Response -14783.1805 0.0000 0.41251 4 
 Mb: Behavioural Response -14783.0280 0.1525 0.38222 3 
 M0: Constant -14781.5315 1.6490 0.18087 2 
 Mh: Heterogeneity -14777.5256 5.6549 0.02441 4 
2013 Mt: Time Response -7696.5857 0.0000 1.00000 4 
 Mb: Behaviour -7590.1166 106.4691 0.00000 3 
 Mh: Heterogeneity  -7541.6182 154.9675 0.00000 4 





Appendix 4:  
Tables A to D: Showing the results of Tukey post-hoc analysis carried out on four 
separate negative binomial regression models comparing infection intensity 
between either years for a given species, or overall between species. Models are 
detailed in Chapter Five, pages 119-120. Results from each table read from 
column compared to row, with the arrow indicating the direction of the 
relationship between the years/species (i.e. whether the year/species in given 
column is higher or lower than the year/species in a given row). The z-value and 
p-value are given in each case. 
 
 
A) A. obstetricans 
metamorphs 
2007 2008 2009/2011 2010/2012/2013 
2007  ↓ 
Z = -10.26 
P <0.001 
↓ 
Z = -13.96 
P <0.001 
↓ 
Z = -11.13 
P <0.001 
2008   ↑ 
Z = 2.76 
P = 0.264 
↑ 
Z = 4.87 
P <0.001 
2009/2011    ↑ 
Z = 4.264 
P <0.001 
2010/2012/2013     
 
B) A. obstetricans 
OW tadpoles 
2008 2009/2010/2011 2012 
2008  = 
Z = 1.65 
P = 0.19 
= 
Z = 1.65 
P = 0.19 
2009/2010/2011   ↓ 
Z = -4.264 
P <0.001 







C) B. bufo 
metamorphs 
2008/2012 2009/2010 2011 
2008/2012  ↑ 
Z = 5.45 
P <0.001 
↑ 
Z = 11.95 
P <0.001 
2009/2010   ↑ 
Z = 8.42 
P <0.001 





A. obstetricans B. bufo R. temporaria 
A. obstetricans  ↓ 
Z = -14.37 
P <0.001 
↓ 
Z = -26.55 
P <0.001 
B. bufo   ↓ 
Z = -10.21 
P <0.001 
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